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ABSTRACT
METAGENOMIC ANALYSIS OF DEEP-BRANCHING FIRMICUTES AND NEW
REPRESENTATIVES OF KNOWN GENERA FROM THE CALUMET
WETLANDS, A HIGHLY ALKALINE ENVIRONMENT
Jay Osvatic, MS
Department of Biological Sciences
Northern Illinois University, 2017
Wesley Swingley, Director

The Calumet Wetlands, located in southern Chicago, Illinois, USA, is a historical steel
waste site that was created through the dumping of steel mill slag waste, which was used until
the middle of the 20th century to turn the wetlands into buildable land. The weathering of the
steel slag has led to a highly alkaline (up to pH 13.4), non-saline environment due to the release
of Ca(OH)2 into the groundwater flow. While there are many chemical similarities to natural
alkaline systems, such as serpentinizing sites, Calumet is distinct in that its extreme pH is a result
of anthropogenic processes. Preliminary16S rDNA sequence analysis of these sites revealed that
the microbial community was low in microbial diversity, and a significant portion of the
community, particularly at the most alkaline sites, contained divergent sequences possibly
representing some novel bacterial clades. The alkalinity of this site makes cultivation of these
bacteria difficult and current ex situ culturing attempts have not yielded novel clades. As an
alternative to the cultivation of these divergent taxa, we performed metagenomic sequencing and
taxonomic binning to examine the genomes through computational analyses. Microbial DNA
was sequenced from three samples taken from a single sediment core and assembled using a de
novo metagenomic sequence assembler (SPAdes). Taxonomic bins were created using tetramer
frequency and coverage values to separate contigs (Anvi’o). Nine robust genomes were
identified within the Calumet metagenome dataset and were taxonomically placed using protein

and 16S rRNA gene analyses and annotated using online tools (KEGG and RAST). Of the nine
highest quality bins, four belonged to known genera and two to the novel Firmicutes from
previous genetic surveys. Several of these genomes showed uncommon metabolic pathways,
including nitrogen oxidation and hydrogen utilization that all for energy production in the harsh
environmental conditions. Analysis also revealed very few proteins that are typically implicated
in high pH adaptation and tolerance.
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INTRODUCTION

Extreme Environments and Their Importance
The study of extreme environments has been an important facet of increasing scientific
understanding of life’s limits and diversity. It has been suggested that the study of these areas
would yield insight into early-Earth life, as well as possible extraterrestrial life (Tarter 2011,
Russell 2010, Pikuta et al., 2007). Such extreme environments occur in great variety on Earth,
including well known examples such as hot springs and submarine vents that can reach near
boiling temperatures, saline brines and salt flats, and soda lakes, high pH hypersaline bodies of
water (Cavicchioli 2002). All of these areas are home to bacteria that thrive in such extreme
conditions, known as extremophiles, many of which have not been studied (Cavicchioli 2002).
Bacteria have been found at temperatures as high as 113°C and as low as -17°C, at pH lower
than 1, and at incredibly high pressures (Cavicchioli 2002, Schleper et al., 1996). Through
continued investigation the extremes of life are constantly being pushed and expanded. The study
site, the Calumet wetlands, is one of the most extreme representatives of high alkalinity, reaching
a pH greater than 13 and further pushes the boundary of the limits of bacterial survival (Roadcap
2006).
Aside from increasing our knowledge of the extreme limits to life and the diversity of
bacterial life, studying extreme environments has also provided useful enzymes for industrial and
scientific projects. One of the most well-known examples is Taq DNA polymerase, an enzyme
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from Thermus aquaticus that can function above 85°C, which has been used for polymerase
chain reactions and paved the way for many genetics-related breakthroughs (Lawyer et al.,
1989). Although Taq is the most known example, enzymes are sourced for a variety of industrial
uses such as xylanases from thermophiles are used in paper bleaching, proteases from
psychrophiles are used in dairy production, and cellulases from alkaliphiles are used in the
degradation of detergents. Extremophiles are also used for bioremediation of metal or radiation
contaminated sites (Demirjian et al., 2001, Van Den Burg 2003). The continued investigation
into these extremophiles could yield many more enzymes with beneficial uses in industrial
settings.
Due to the success of the Taq enzyme and evidence of thermophilic environments on
other planetary bodies, high temperature environments have been investigated in-depth while a
variety of other extremes lag behind (Russell 2010). One of those environments, highly alkaline
serpentinizing areas, have been of recent interest because of their unique conditions and
suggestions that early-Earth life originated from these locations (Russell 2010).

Alkaline Environments
The recent discovery of water and potential serpentinizing systems on Mars has brought
alkaline environments into scientific focus in recent years (Christensen et al., 2005). These
serpentinizing systems, hypothesized as the origin of early-Earth life, are one of the two primary
types of alkaline environments formed naturally (Russell et al., 2010). Serpentinizing systems
and soda lakes make up the majority of alkaline environments, while a small fraction of these
environments are also formed through industrial activity like the Calumet system focused on in
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this study. All of these environments require water to form. These systems are differentiated by
formation process, which creates unique environmental conditions.
Soda lakes are extreme environments in two aspects: high salinity and high pH. The dual
extremes of soda lakes are produced by the concentration of sodium ions in closed basins
through evaporation (Sorokin et al., 2014). The high concentration of sodium ions, characterized
as 35 g/L or higher represents one extreme and causes the alkalinity to increase (Sorokin et al.,
2014). The abundant sodium ions react with existing carbon dioxide to form a sodium carbonate
buffer that yields saturated salt water with a pH of up to 11 (Sorokin et al., 2014). Due to the
requirement of evaporation, soda lakes are primarily located in arid environments, with wellknown examples in the Kulunda Steppe in Russia (Foti et al., 2007), the African Rift Valley
(Duckworth et al., 2000), and California’s Mono Lake (Humayoun et al., 2003). These Soda
Lakes are considered highly productive ecosystems (Sorokin et al., 2014).
Serpentinizing systems are extreme only in alkalinity (and not salinity) and can reach a
pH greater than 13, making them the most alkaline of all known natural systems. These systems
are likely to have occurred on Earth as early as 4 to 4.4 billion years ago in the Hadean oceans,
and could generate hydrogen gas and methane, providing these highly energetic compounds for
early life (Russell 2010). The possibility of past serpentinizing systems on Mars suggests that it,
too, could have supported early life (Ehlmann et al., 2010). These systems are formed through a
process called serpentinization, which is a chemical weathering of silicate rocks like olivine, rich
in iron and magnesium, into serpentinite. The weathering reaction yields hydroxide ions and, due
to the volume of reaction occurring, it can dramatically raise the pH of a body of water. Along
with producing large concentrations of hydroxide ions, the weathering process can produce
hydrogen gas and releases high concentrations of calcium ions that react with carbonate, a
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spontaneous product of carbon dioxide and water, to precipitate as calcium carbonate (calcite).
The calcium carbonate precipitation smothers most of the potential multicellular life (Schrenk et
al., 2013). The calcium carbonate also acts as a buffer to maintain the high pH. Serpentinizing
sites are sparsely dispersed around the world at locations were deep mafic rock has been exposed
to surface water, and notable examples include: The Cedars in California (Suzuki et al., 2013),
Semail Ophiolites in Oman (Bath et al., 1987), Zambales and Palawan Ophiolites in the
Philippines (Cardace et al., 2015), and the Lost City hydrothermal field in the mid-Atlantic ridge
(Ludwig et al., 2006).
Alkaline environments can also be formed by human activity and can arise in a much
shorter time than on the geological time scale, an example being the Calumet Wetlands, which
were created in ~100 years (Roadcap et al., 2005). A variety of human activities, modernly
associated with industrial activity can cause alkaline conditions, however some were generated
well before. Notably small amounts of alkaline liquids such as in maize processing for tortillas,
were generated well before the major industrial revolution (Sanchez‐Gonzalez et al., 2011).
Large, more modern, industrial sources are responsible for many of the non-natural alkaline sites.
Lime sludge wastes in central Poland were reported to reach a pH of 11.4 (Kalwasinska et al.,
2015) and bauxite residues from aluminum ore processing reach a pH of 9 or more (Krishna et
al., 2014). These modern industrial sites are produced without the high concentration of sodium
ions, producing environments that are extreme in only one respect and very similar in
composition to serpentinizing systems.
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Microbial Survival in Alkaline Systems
Alkaline environments, by definition, contain a high concentration of hydroxide ions and
a very small concentration of hydrogen ions. Bacteria use hydrogen ions as a main driver of
energy metabolism, making them essential to regular cell function. The study of the Calumet
site, one of the most extreme pH sites in the world could reveal new ways bacteria cope with the
low hydrogen ion concentration in alkaline conditions. Such knowledge is important to
understanding the alkaline limit of life, as well as life’s possible origins. Growth at high pH is
costly compared to neutral pH because of the increased energy needed to maintain a stable
cytoplasmic pH and lower bulk proton motive force, due to the unavailability of protons (Padan
et al., 2005 and Krulwich et al., 2011).
Bacteria, primarily of the genus Bacillus, have been found to use several metabolic and
structural changes to cope with high pH. These include elevating levels of transporters to
increase proton capture, change in cell exterior to potentially improve cytoplasmic proton
retention, and change in metabolism to increase acid production (Padan et al., 2005). Bacillus,
the primary focus of many alkaline survivability studies due to the genus’ diversity and wellstudied bacteria, only represent a small portion of bacterial diversity. Species within the genus
are abundant and, while several are alkaliphilic, many are neutrophilic.
Membrane transport proteins are the most implicated proteins in long-term alkaline
survival and success. Na+/H+ antiporters are the primary focus of these proteins along with the
Mrp-type antiporters (Mrp). These antiporters suggest a dependence on Na+ in order to survive at
high pH, making habitats like soda lakes a potential habitat for alkaline bacteria (Krulwich et al.,
2001). This brings into question the survival capabilities of bacteria in serpentinizing and man-
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made sites, which are generally both low in sodium ion concentration. All of these monovalent
cation:proton antiporters are contained within the CPA superfamily, which represents both the
Na+/H+ antiporter family (Chang et al., 2004). Na+/H+ antiporters belong to CPA2, which
contains orthologs across phyla (Brett et al., 2005). Many of these Na+/H+ antiporters are
regulated by pH, supporting their role in alkaline tolerance (Padan et al., 2005).
Alongside antiporters, it has also been shown that F-type ATPases are used for alkaline
survival in neutrophilic bacteria. When grown at a pH of 8.7, E. coli express more F-Type
ATPases than at pH 7.0 (Maurer et al., 2005). In contrast, ATPase genes were down-regulated
during acid-adaption in H. pylori (Wen et al., 2003, Padan et al., 2005). Antiporters and ATPases
are both likely to be used as methods for generating a proton gradient and concentrating protons.
Alteration to the cell exterior has been shown to affect alkaline survivability. This can
include changes in composition of the cell membrane, cell wall, or in the externally exposed
segments of cellular proteins has been indicated in Bacillus (Padan et al., 2005) Alkaliphilic
Bacillus species have been shown to have high levels of squalene, a 30-carbon lipid, and
cardiolipin, an 18-carbon lipid containing four ester groups, in their cell membranes (Cleja et al.,
1986, Padan et al., 2005). Squalene, being nonpolar, is noted to lower the proton permeability of
the cell membrane and cardiolipin, a polar molecule, has been indicated to trap protons near the
cell surface (Haines & Dencher 2000, Hauß et al., 2002).
Cell wall polymers play an important role in Bacillus alkaline survival (Aono et al., 1999,
Gilmour et al., 2000). Teichuronic acid, a component of Gram positive bacterial cell-walls has
been shown to affect survival. Mutants of Bacillus halodurans, an alkaliphilic species, lacking
the ability to produce teichuronic acid and teichuronopeptide, showed impaired growth and
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increased cytoplasmic pH at environmental pH values >10 when compared to non-mutant strains
(Aono et al., 1999). It has also been noted that acidic cell wall components have been implicated
in alkaline survivability. At neutral to high pH values, acidic cell wall components are negatively
charged, attracting protons, to potentially increase localized proton concentrations near the cell
(Padan et al., 2005). The use of acidic components has also extended into other aspects of the
cell as well. The membrane proteins of Bacillus pseudofirmus OF4 have been found contain
more acidic residues than a variety of neutrophilic counterparts (Janto et al., 2011). The trend of
acidic proteins has been shown to also occur in all compartments of the cell (Janto et al., 2011).
Bacteria can also use metabolic processes to cope with increased alkaline stress. While
this is less likely to be the source of long-term survivability, it could provide assistance to major
processes, such as Na+/H+ antiporters by adding protons to the immediate environment. For
example, E. coli grown at a high pH under aerobic conditions increase expression of a variety of
amino acid catabolism proteins particularly deaminases which can supply small amounts of
protons to acidify the cytoplasmic environment and create a generalized proton gradient. Some
of these deaminases are tryptophan deaminase (TnaA), tryptophan transporter (TnaB), and serine
deaminase (SdaA) (Blankenthorn et al., 1999, Padan et al., 2005).

Calumet Site Description and Geochemistry
The Calumet Wetlands is one of the most alkaline sites, of industrial origin, and a unique
study environment because of this. The pH of the Calumet site varies but has been reported in
literature at a pH of 12.5 at its highest point and recently measured at a pH of 13.4 (Roadcap et
al., 2005). These wetlands are situated in an area that has been used to dispose of various
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industrial wastes, primarily steel wastes, since the late 1800s (Colton 1985). The main waste,
steel slag, contains primarily calcium-based minerals that can contain up to 50% of metallic iron,
manganese, chromium, molybdenum, and vanadium (Roadcap et al., 2005). The steel slag
combined with demolition debris, household trash, and dredged material from the Calumet river
system was used as fill to create new land from the wetland (Colton. 1985). An estimated 600
million cubic meters of fill were dumped in southeast Chicago (Kay et al., 1996).
The weathering of steel slag is the primary driver of the alkalinity at this site. The slag
contains rankinite, larnite, and akermanite, which are all calcium silicates (Roadcap et al., 2005).
Their reactions with water produce calcium and hydroxide ions, which raises the pH drastically
and produces small shifts in pH inversely based on temperature, providing a seasonal flux to the
habitat and likely the microbial community (Waska 2014 and Waska et al., In review). The
calcium ions in the water also act to buffer the solution by reacting with the naturally occurring
carbonic acid to prevent any decreases in hydroxide ion concentration due to carbon dioxide
interaction (Roadcap et al., 2005). This reaction forms calcium carbonate that precipitates and
covers much of the ground in a white coating, preventing any plants from taking hold (Figure 1).
It has been hypothesized that hydrogen gas is formed at the site as a typical
product of serpentinization (Roadcap et al., 2005). While the presence of hydrogen gas was not
investigated, it has been suggested that oxidation of hydrogen gas is the primary source of energy
for the microbial community, both at Calumet and serpentinizing sites. This is supported by the
presence of a prominent 16S rRNA gene with 96% percent identity to Hydrogenophaga
pseudoflava, a bacterial species known to oxidize hydrogen (Roadcap et al., 2006, Auling et al.,
1978). Comamonadacaeae species closely related to Hydrogenophaga have also been located in
the Cedars serpentinizing site (Suzuki et al., 2013).
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Figure 1: The Indian Creek sampling location. The white coloration is due to the accumulation of calcium
carbonate flocculent, notably blocking growth of plants near the shore.

Much of the microbial diversity observed in the previous survey contained close matches
to other alkaline environments, such as Mono Lake in California (pH 9.8)(Humayoun et al.,
2003), tufa columns in a Greenland Fjord (pH10.4)(Stougaard et al., 2002), as well as a cement
contaminated gold mine in South Africa (pH 11.6)(Takai et al., 2001). Of the ~500 unique partial
16S rRNA genes from 6 sites the oxic sites contained mostly Proteobacteria, while the anoxic
sites contained primarily Clostridium and Bacillus, both genera belonging to the Firmicutes
(Roadcap et al., 2006). The anoxic sites, from deep within sediment, were found to have a
greater DNA concentration and lower overall diversity representing more stable microbial
habitats than the surface water (Waska 2014, Waska et al., In review).
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Current Study
The goal of the current study is to more thoroughly investigate the diversity of a portion
the most alkaline microbial community of Calumet through 16S rRNA amplicon screening and
metagenomic sampling and binning to characterize potentially unculturable organisms. Calumet
is an excellent analogue for natural serpentinizing sites and being one of the high pH sites makes
it one of the most extreme cases to study. Using high volume amplicon sequencing coupled with
16S rRNA gene classifiers allowed for a more in-depth analysis of the site, adding to what is
known about the bacterial population of Calumet. Metagenomics sampling allowed for the
assembly and characterization of local genomes, increasing the understanding of how organisms
behave in this extreme environment. The use of culture independent techniques circumvented
known difficulty of maintaining a proper alkaline environment in culturing attempts (Sorokin
2005). Taking advantage of metagenomic and bioinformatics applications would allow for a
metabolic understanding of the Calumet site in place of culturing.

METHODS

Site Description
The Calumet Wetlands are located along the southern tip of Lake Michigan, near the
Illinois-Indiana border, in South Chicago. The sampling site (N 41°40’ W 87°35’), referred to as
Site 4, is located near the William Powers State Recreation Area, south of 126th street (Figure 2).
It is a large, high-volume drainage ditch running parallel to the street that manages the flow of
Indian Creek. The site is fed by groundwater that flows through a large steel-slag heap,
containing calcium silicates. These calcium silicates react with water to produce calcium
hydroxide, that dissociates into calcium and hydroxide ions. The hydroxide ions make the pH of
the creek near or above 13, while calcium ions react with carbon dioxide that forms calcium
carbonate limiting the amount of dissolved carbon dioxide. The calcium carbonate precipitates
into a flocculent that fills much of the drainage ditch preventing any plants from attaching to the
substrate.
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Figure 2: An overview of the sampling locations. All of this study’s work was done at Site 4.
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Sampling Scheme
Sediment core samples were collected using an alcohol-sterilized, sharpened PVC pipe.
The core was obtained 1 m from shore (Figure 3). The pipe was inserted fully into the water and
sediment (1 m deep) and immediately capped after removal. The sample was stored vertically at
4°C for transport and frozen vertically at -80°C. The frozen sediment core, ~33 cm of sediment,
was removed from the pipe and cut into 3 cm vertical segments starting at the sediment,
producing 11 segments. In this work the segment called TOP (segment 1, ~0-3 cm deep),
MIDDLE (segment 6, ~15-18 cm deep), and BOTTOM (segment 11, ~30-33 cm deep) were
used for DNA extractions.

Figure 3: The sampling scheme for site 4. All of the amplicons and metagenomic samples were generated from the
vertical transect (core) that contained mostly calcium carbonate.
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DNA Extraction and Sequencing
DNA was extracted from the core segments using the PowerSoil DNA isolation kit
(MoBio, Carlsbad, CA). The NanoDrop 1000 (Thermo Scientific, Waltham, MA) was used to
calculate DNA concentrations and DNA purity. Extracted DNA was amplified via PCR using the
Earth Microbiome Project universal 16S ribosomal DNA primers 515F/806R (Caporaso et al.,
2012) containing 5’ Illumina adapters CS1/CS2, respectively (Illumina, Inc., San Diego, CA)
and AccuPrime Supermix II (Thermo Scientific, Waltham, MA). Amplification success was
assessed using gel electrophoresis. The 16S rRNA sequences was sequenced using next
generation Illumina sequencing (HiSeq 2500, Illumina, Inc., San Diego, CA) at the University of
Illinois at Chicago.
The unamplified raw DNA extractions, used for metagenomic sequencing, were
submitted to two different locations to produce metagenomics reads. The TOP and BOTTOM
extractions were submitted to Argonne National Labs, who used Illumina GAIIx (Illumina, Inc.,
San Diego, CA) sequencing to produce 110 bp paired-end reads with an insert size of 150bp.
These overlapping paired reads, many of which overlapped by ~15 bases, were assembled into
single reads using the Qiime script “join_paired_ends.py” (Caporaso et al., 2010). The MIDDLE
sample was sequenced at the University of Chicago, where the standard NextFlex Chip-seq kit
(Bioo Scientific, Austin, TX) preparation was used, due to low DNA quantity. The sample was
then sequenced using Illumina NextSeq500 (Illumina, Inc., San Diego, CA) to produce pairedend reads of 150bp.
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Analysis of 16S rRNA Gene Sequences
In order to taxonomically identify the origin of 16S rRNA gene sequences, they were
submitted to the Ribosomal Database Project classifier (Cole et al., 2014 and Wang et al., 2007)
using the Perl scripting language to assist the submission of the large quantity of amplicons
efficiently. RDP performs align and annotation of bacterial and archaeal 16S rRNA gene
sequences by assigning taxonomic units using complete linkage clustering.
Specific genus and species level OTUs (.97 and .99 respectively) were generated using
QIIME (Caporaso et al., 2010) using the default settings for the “pick_otus.py” script. A
representative amplicon set was chosen using “pick_rep_set.py”.

Metagenomic Assembly and Binning
All three metagenomic sequencing libraries were assemble using SPAdes genome
assembler v3.7.1 (Bankevich et al., 2012) using a kmer set of 21, 35, 49, 63, and 77 on a 40
thread 512 Gb memory server to generate a single metagenomic assembly of contigs, consensus
regions of assembled DNA created through metagenomic assembly. The k-mers were chosen to
increase assembly iterations, as each k-mer iteration produces an assembly used for correction
within SPAdes, and the k-mers were also found to increase assembly length.
As preparation for binning, the raw metagenomic reads were aligned to the final SPAdes
metagenomic assembly using BWA v 0.7.5a-r405 (Li & Durbin, 2009). Binning was performed
through coverage, the average number of original reads incorporated over a contigs full length,
and word-frequency binning through the visualization software, Anvi’o (Eren et al., 2015). The
default Anvi’o metagenomics workflow was used and genome bins, referred to as Calumet
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bacterial genomes, that had >90% completion and <50% redundancy were chosen for further
analysis. These genomes were improved using the Anvi-refine feature to decrease the
redundancy to an acceptable range (<10%), through coverage binning alterations.

16S rRNA Gene Identification and Taxonomic Placement
All refined Calumet bacterial genomes meeting the >90% complete and <10%
redundancy were screened for possible bacterial 5S, 16S, and 23S rRNA genes through the
RNAMMER 1.2 server (Lagesen et al., 2007). Any predicted 16S rRNA genes were used to
determine the possible taxonomy of the Calumet bacterial genome by submitting them to the
Ribosomal Database Project classifier (Wang et al., 2007). Any classified sequences with a
confidence score lower than 50% were not included in the taxonomic ranking. 5S and 23S
rRNA genes were compared to NCBI’S reference RNA sequence database to determine likely
taxonomy. 16S rRNA gene taxonomy was further validated using the SILVA database (Pruesse
et al., 2007) and accompanying SINA aligner (Pruesse et al., 2012). The SINA aligner was used
to determine the potential taxonomic identity of 16S rRNA genes, with “Search and Classify”
setting using a minimum identity cutoff of 0.90.

Protein and Nucleotide Based Taxonomic Placement
Gene prediction was performed on the Calumet bacterial genomes by submitting them to
GeneMarkS version 4.28 (Besemer et al., 2001) to predict prokaryotic genes using genetic code
11. The taxonomic origin of the predicted genes for each Calumet bacterial genome were
compared to the NCBI NR database by using DIAMOND 0.9.1 (Bunkfink et al., 2015), a fast
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alternative to NCBI’s BLAST. Results were then visualized using MEGAN5 (El Hadidi et al.,
2013), a metagenome analysis and taxonomy estimation software, to determine the last common
ancestor of each gene and based on overall quantification, an approximate taxonomy for each
Calumet bacterial genome.
Taxonomic classification was verified through the use of single copy genes generated by
the AmphoraNet server (Kerepesi et al., 2014), which locates and classifies 31 conserved single
copy genes.

Genome Quality Control
Prior to characterization of potential genomes, contigs with 5S, 16S, and 23S rRNA
genes that were taxonomically identified as distant relatives of the target genomes, based on the
protein classifications of MEGAN5 and AmphoraNet, were removed (pruned) from the
genomes. After removal of these contigs, the genome completeness and purity was calculated
using the taxonomic specific workflow of CheckM v1.0.6 (Parks et al., 2015).

Determination of Metabolic Potential and Genome Features
Two systems, RAST and KAAS, were used for the determination of functionality of the
Calumet bacterial genomes. All potential post-pruning Calumet bacterial genomes were
submitted to the Rapid Annotation using Subsystem Technology (RAST) (http://rast.nmpdr.org)
server (Aziz et al., 2008, Overbeek et al 2014, Brettin et al., 2015), using the default settings, to
annotate all potential gene products and provide information about the metabolic capabilities of
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the genomes. To provide additional information about the metabolic capabilities and subsystems
of the Calumet bacterial genomes, all protein sequences produced, post-pruning, by GeneMarkS
for each Calumet bacterial genome were submitted to the KEGG Automatic Annotation Server
(KAAS) (Moriya et al., 2007). KAAS was set to search for single-directional best hits in the
prokaryotes representative set using BLAST through the partial genome.

Alkaline-Related Adaptive Characteristics
The pI values of proteins, separated by subcellular location, have been shown to be more
is alkaline species of Bacillus genus. The comparison of pI values between species was used as a
potential indicator of alkaline origin when compared to close representatives. The pI values of all
GeneMarkS predicted proteins for the Calumet bacterial genomes and proteins of close
representatives from genomes available on NCBI were calculated using the “compute pI/Mw
tool” on ExPASy (web.expasy.org/compute_pi/) (Bjellqvist et al., 1993, Bjellqvist et al., 1994,
Gasteiger et al., 2005). The proteins were also assigned subcellular locations using PSORTb
v3.0.2 (Nancy et al., 2010). The Gram character used for genome was determined through earlier
taxonomic estimations.
Na+/H+ antiporters have been implicated in alkaline survival and the number of gene
sequences coding for each could indicate alkaline adaptation. As a method of identifying proteins
related to those implicated in alkaline survival, the GeneMarkS protein sequences and close
representatives NCBI protein sequences were also placed into protein clans for comparison
purposes, using EMBL-EBI’s Pfam site (pfam.xfam.org) (Bateman et al., 2004).
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Protein Based Comparison to Known Genomes
To determine taxonomic proximity of the Calumet bacterial genomes to previously
sequenced genomes, average amino acid identity was calculated between the Calumet assemblies
and previously published genomes Dethiobacter alkaliphilus AHT 1 (NZ_ACJ00000000.1),
Fluviicola taffensis DSM 16823 (Woyke et al., 2011), Xylanimonas cellulosilytica DSM 15894
(Foster et al., 2010), and unclassified Comamonadaceae Bacteria B1 and H1 (Suzuki et al.,
2014)(Benson et al., 2005). Predicted proteins for each genome were submitted to the
Konstantinidis lab average amino identity (AAI) calculator (Rodriguez & Konstantinidis 2014).

Putative Genome Phylogeny
16S rRNA gene phylogenetic trees were generated using FastTreeMP v2.1.9, an
approximately maximum-likelihood method that improves an internally generated neighborjoining tree, which can be 100’s to 1,000’s of times faster than RAxML. FastTreeMP was set to
use 12 threads and run 4 rounds of subtree-prune-regraft and optimize all branches at each
nearest-neighbor interchange with heuristics turned off, all settings that were suggested to
increase FastTree accuracy (Price et al., 2009 and 2010). 16S rRNA sequences, one per genus,
were collected and aligned along with the Calumet bacterial genomes 16S rRNA sequences and
aligned using RDP’s aligning methods.
Phylogenetic conserved single copy protein gene trees were also created using the same
FastTreeMP setting mentioned previously, for alternative taxonomic placement of genomes not
possessing a 16S rRNA gene. These phylogenies were developed using conserved single copy
proteins, generated by AmphoraNet, that were present in single copies in Calumet bacterial
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genomes. The protein set was assessed individually for each genome, altering the proteins used
for each phylogeny slightly (Table 1). Conserved single copy proteins from previously
sequenced species were also collected from the NCBI protein RefSeq database. Perl scripts were
used to remove putative, hypothetical, and proteins with naming inconsistencies from all
collected NCBI sequences. All protein sequences were aligned using MAFFT v7.123b (Katoh &
Standley, 2013) using the auto setting. The MAFFT alignments for each species were
concatenated, using the Perl scripting language, and proteins missing from an individual species
were represented as a full sequence of gaps.

Gene
pgk
rplC
rplF
rplK
rpoB
rpsE
rpsK

Table 1: AmphorNet Genes Excluded from Gene Trees
CVC_MG_Fluv1
CVC_MG_Coma1 CVC_MG_Xylan1
X
X
X
X
X

X

X
X

For likely Firmicutes Calumet bacterial genomes an alternative set of conserved single
copy proteins were used along with two phylogeny creation tools, FastTreeMP and RAxML.
This set contained 52 conserved proteins (Table 2), which were selected from a large set (Zhang
& Lu, 2015) used previously for Firmicutes. Proteins were selected to remove duplications
within Calumet bacterial genomes and anomalous inconsistencies, such as dramatic differences
in length or inconsistency in naming. RefSeq sequences from Firmicutes species that didn’t have
more than 60% of the larger protein set (31 of 52) were removed. Then the species with the most
complete protein set of every genus was selected, along with Calumet bacterial genomes, as
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representatives of its genus. All protein sequences were aligned using MAFFT v7.123b (Katoh &
Standley 2013) using the auto setting. The MAFFT alignments for each species were
concatenated, using the Perl scripting language, and proteins missing from an individual species
were represented as a full sequence of gaps. The complete protein alignments were used to
generate a maximum-likelihood tree using RAxML v8.2.9 (Stamatakis 2014) and FasttreeMP
(Price et al., 2009 and 2010). RAxML was set to halt bootstrapping automatically with
autoMRE. FastTreeMP v2.1.9 was set to use 12 threads and run 4 rounds of subtree-pruneregraft, optimize all branches at each nearest-neighbor interchange with heuristics turned off, all
settings that were suggested to increase FastTree accuracy. All trees were visualized and
condensed using iTOL v3 (Letunic & Bork 2016).
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Table 2: Gene Set Used for Firmicutes Gene Tree
Proteins
Gene
Adenylate kinase and related kinases
adk
Cell division GTPase
ftsZ
DNA primase
dnaG
Cysteinyl-tRNA synthetase
cysS
Ribosome-recycling factor
frr
Translation initiation factor 2 (IF-2; GTPase)
infB
Translation initiation factor 3 (IF-3)
infC
Membrane GTPase LepA
lepA
Leucyl-tRNA synthetase
leuS
Lysyl-tRNA synthetase
lysS
Phenylalanyl-tRNA synthetase, alpha subunit
pheS
Phenylalanyl-tRNA synthase, beta subunit
pheT
Ribosome binding factor A
rbfA
50S ribosomal protein L1
rplA
50S ribosomal protein L2
rplB
50S ribosomal protein L3
rplC
50S ribosomal protein L4
rplD
50S ribosomal protein L5
rplE
50S ribosomal protein L6P/L9E
rplF
50S ribosomal protein L9
rplI
50S ribosomal protein L11
rplK
50S ribosomal protein L7/L12
rplL
50S ribosomal protein L13
rplM
50S ribosomal protein L14
rplN
50S ribosomal protein L15
rplO
50S ribosomal protein L16
rplP
50S ribosomal protein L17
rplQ
50S ribosomal protein L18
rplR
50S ribosomal protein L19
rplS
50S ribosomal protein L20
rplT
50S ribosomal protein L21
rplU
50S ribosomal protein L22
rplV
50S ribosomal protein L24
rplX
50S ribosomal protein L27
rpmA
50S ribosomal protein L29
rpmC
50S ribosomal protein L36
rpmJ
30S ribosomal protein S2
rpsB

(Table 2 continued on the next page.)
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Table 2: Gene Set Used for Firmicutes Gene Tree Cont'd
Proteins
Gene
30S ribosomal protein S3
rpsC
30S ribosomal protein S5
rpsE
30S ribosomal protein S8
rpsH
30S ribosomal protein S9
rpsI
30S ribosomal protein S10
rpsJ
30S ribosomal protein S12
rpsL
30S ribosomal protein S13
rpsM
30S ribosomal protein S15P/S13E
rpsO
30S ribosomal protein S16
rpsP
30S ribosomal protein S17
rpsQ
30S ribosomal protein S19
rpsS
30S ribosomal protein S20
rpsT
tmRNA binding protein
smpB
Translation elongation factor Ts
tsf
Valyl-tRNA synthetase
valS

RESULTS

Analysis of 16S rRNA Gene Sequences
A total of 1.4 million 16S rRNA gene segments (519,198 from TOP, 435,592 from
MIDDLE, and 425,362 from BOTTOM) were sequenced and taxonomically characterized using
RDP. Archaeal relative abundance constituted only 0.3% of all samples, indicating that this
environment is bacteria-dominated.
Four phyla were dominant in all samples, Proteobacteria, Firmicutes, Bacteroidetes, and
Actinobacteria, totaling over 83% of each sample (Table 3).
Table 3: The Relative Abundance of Amplicons Labeled
to the Most Abundant Four Phyla by RDP
Sample

TOP

MIDDLE

BOTTOM

Proteobacteria

49.62%

32.19%

36.73%

Firmicutes

10.31%

32.78%

16.10%

Bacteroidetes

12.88%

14.36%

12.93%

Actinobacteria

10.77%

12.63%

22.36%

Total percent of
sample

83.57%

91.96%

88.11%
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A large component of the Proteobacterial 16S rRNA sequences (~20% overall) from the
TOP sample were classified in the family Comamonadaceae. The family Comamonadaceae
remained a large component of the MIDDLE and BOTTOM communities, composing ~11% and
~6% respectively.
Firmicutes were the most abundant phylum in MIDDLE sample. This increase in relative
abundance was primarily due to the “undefined Firmicutes” 16S rRNA genes, which were
sequences not confidently labeled to any Firmicutes class (Figure 4). These undefined Firmicutes
composed greater than 6% of all samples and over 20% of the amplicons in the MIDDLE. A
single species-level (99%) OTU within the undefined Firmicutes sequences encompassed 93.8%
(90,194 of 96,011) of all undefined Firmicutes sequences, indicating that the majority of the
representatives in the environment belong to a single species. This single deeply-branching
Firmicutes species was one of the most abundant members of the sediment environment.
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Figure 4: The relative abundance of 16S rRNA segments labeled to class by RDP. All classes occurring in under
5% abundance and Archaea were condensed into one category.
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Naming Conventions for Genomes
Following taxonomic determination and genome pruning, each genome assembly was
named using the site code “CVC_MG_” (Calumet vertical core metagenome) along with a short
version of its taxonomic identity as a method of referring to both the genomes assemblies and
bacteria that contain the genome (Table 4). Genomes are simply referred to by “Name” of Table
4.

Genome #
1
2
3
4
5
6
7
8
9

Table 4: Genome Naming Conventions
Taxonomic
Taxonomy (level)
Identifier
Fluviicola (genus)
Planctomycetaceae
(family)
Comamonadaceae
(family)
Xylanimonas
(genus)
Firmicutes (phylum)
Firmicutes (phylum)
Alphaproteobacteria
(class)
Dethiobacter
(genus)
Bacteroidetes
(phylum)

Name

Fluv1

CVC_MG_Fluv1

Plancto1

CVC_MG_Plancto1

Coma1

CVC_MG_Coma1

Xylan1

CVC_MG_Xylan1

Firm1

CVC_MG_Firm1

Firm2

CVC_MG_Firm2

Alpha1

CVC_MG_Alpha1

Dethio1

CVC_MG_Dethio1

Bact1

CVC_MG_Bact1

Metagenomic Assembly and Binning
A total of 107 million metagenome reads, containing ~20 billion nucleotide bases, were
assembled to produce a single combined metagenome from all three samples (Table 5).
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Table 5: General Combined Metagenome
Assembly Statistics
Assembly Statistic
Maximum contig
length

Quantity
263,490

N50

575

L50

321,302

Total nucleotides

883,907,580

The process of Anvi’o binning was limited to contigs over 2,500 bp, or 123,749 contigs,
comprising 296,940,000 nucleotides, approximately 33.6% of nucleotides present in the
metagenomic assembly. 56 potential genomes were binned in the initial Anvi’o run, with nine of
these within the threshold set for refinement (90% completion and 50% redundancy). Upon
refinement all but one of these genomes (CVC_MG_Plancto1) reached the threshold; however,
given the proximity to the redundancy threshold, it was included in initial taxonomic assessments
(Table 6). The Anvi’o taxonomic identification routine successfully characterized only two of
the nine refined genomes, suggesting that most of the dominant organisms in this environment
are not within the scope of known bacterial diversity (Table 6).
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Table 6: General Post-Refinemnet Genome Statsitics
Genome

Suggested
Taxonomy

Total Genome
Size

Number of
Contigs

N50

GC content

Estimated
Completion

Redundancy

CVC_MG_Fluv1

None

3,230,000

336

12,508

34.35%

90.16%

8.73%

CVC_MG_Plancto1

None

5,340,000

635

10,764

54.99%

94.40%

10.57%

CVC_MG_Coma1

Comamonadaceae

2,920,000

248

18,754

65.39%

93.08%

8.72%

CVC_MG_Xylan1

Xylanimonas

2,850,000

346

10,555

71.70%

95.86%

9.66%

CVC_MG_Firm1

None

3,000,000

161

38,588

51.25%

97.84%

8.25%

CVC_MG_Firm2

None

2,750,000

215

22,159

53.41%

90.09%

7.40%

CVC_MG_Alpha1

None

3,290,000

41

163,418

64.10%

98.65%

4.20%

CVC_MG_Dethio1

None

2,400,000

183

18,890

48.62%

96.85%

6.92%

CVC_MG_Bact1

None

2,890,000

79

60,110

43.97%

97.48%

3.75%

Protein and Nucleotide Based Taxonomic Placement
Four of the Calumet bacterial genomes (CVC_MG_Fluv1, CVC_MG_Coma1,
CVC_MG_Xylan1, and CVC_MG_Dethio1) had most of their assigned genes taxonomically
characterized at species level using MEGAN (Table 7). These suggested taxonomies were
consistent with those from Anvi’o for CVC_MG_Coma1 (family Comamonadaceae family) and
CVC_MG_Xylan1 (genus Xylanimonas). Based on the MEGAN assigned genes for
CVC_MG_Fluv1, the genus and species can be inferred as a member of the Fluviicola genus,
potentially Fluviicola taffensis. Based on the MEGAN gene assignments for CVC_MG_Dethio1,
it can be inferred that the genome is a representative of the Dethiobacter genus, potentially a
representative of the species Dethiobacter alkaliphilus.
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Table 7: Taxonomic Placement of Genes Based on MEGAN5
Genome

CVC_MG_Fluv1

CVC_MG_Plancto1

CVC_MG_Coma1

CVC_MG_Xylan1

CVC_MG_Firm1

CVC_MG_Firm2

CVC_MG_Alpha1

CVC_MG_Dethio1

CVC_MG_Bact1

Unassigned
Genes

174

2016

866

85

148

149

180

87

396

Max genes

2518

1772

1881

2493

2364

2158

2809

2118

1859

Kingdom

Phylum

Class

Order

Taxonomy

Bacteria

Bacteroidetes

Flavobacteriia

Flavobacteriales

Genes

188

644

50

162

Percent of total

7.5%

25.6%

2.0%

6.4%

Taxonomy

Bacteria

Planctomycetes

Planctomycetia

Planctomycetales

Genes

445

1

0

6

Percent of total

25.1%

0.1%

0.0%

0.3%

Taxonomy

Bacteria

Proteobacteria

Betaproteobacteria

Burkholderiales

Genes

28

168

52

147

Percent of total

1.5%

8.9%

2.8%

7.8%

Taxonomy

Bacteria

Actinobacteria

Actinobacteriales

Micrococcinineae

Genes

307

20

272

398

Percent of total

12.3%

0.8%

10.9%

16.0%

Taxonomy

Bacteria

Firmicutes

Clostridia

Clostridiales

Genes

582

740

200

174

Percent of total

24.6%

31.3%

8.5%

7.4%

Taxonomy

Bacteria

Firmicutes

Clostridia

Clostridiales

Genes

554

693

191

122

Percent of total

25.7%

32.1%

8.9%

5.7%

Taxonomy

Bacteria

Proteobacteria

Alphaproteobacteria

Rhizobiales

Genes

144

376

1231

464

Percent of total

5.1%

13.4%

43.8%

16.5%

Taxonomy

Bacteria

Firmicutes

Clostridia

Clostridiales

Genes

138

163

69

83

Percent of total

6.5%

7.7%

3.3%

3.9%

Taxonomy

Bacteria

Bacteroidetes

Bacteroidia

Bacteroidales

Genes

348

730

0

155

Percent of total

18.7%

39.3%

0.0%

8.3%

(Table 7 continued on the next page.)
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Table 7: Taxonomic Placement of Genes Based on MEGAN5 Cont'd
Genome

CVC_MG_Fluv1

CVC_MG_Plancto1

CVC_MG_Coma1

CVC_MG_Xylan1

Unassigned
Genes

174

2016

866

85

Max genes

2518

1772

1881

2493

Family

Genus

Species

Strain

Cumulative Percentage

Crymorphaceae

Fluviicola

Taffensis

DSM 16823

79.3%

154

0

709

89

6.1%

0.0%

28.2%

3.5%

Planctomycetaceae

Rhodopirellula

Maiorica

SM1

384

175

43

30

21.7%

9.9%

2.4%

1.7%

Comamonadaceae

Unclassified
Comamonadaceae

Bacterium H1

75

221

552

4.0%

11.7%

29.3%

Promicromonosporaceae

Xylanimonas

Cellulosilytica

DSM 15894

497

0

571

124

19.9%

0.0%

22.9%

5.0%

61.2%

66.1%
-

87.8%

72.7%
CVC_MG_Firm1

148

2364

-

-

-

-

72.2%%
CVC_MG_Firm2

149

2158

-

-

-

-

78.9%
CVC_MG_Alpha1

CVC_MG_Dethio1

180

87

2809

2118

-

-

-

-

Synthrophomanaceae

Dethiobacter

Alkaliphilus

AHT 1

0

0

1184

164

0.0%

0.0%

55.9%

7.7%

-

-

-

Marinilabiliaceae
CVC_MG_Bact1

396

1859

31

85.0%

68.4%

1.7%

The MEGAN gene assignments of CVC_MG_Plancto1 suggest that this genome is a
representative of the Planctomycetaceae Family, based on the large number of assignments to
both Bacteria and Planctomycetaceae. CVC_MG_Firm1 and CVC_MG_Firm2 both had above
50% of their gene assignments at the phylum Firmicutes or less specific taxonomy, with most
assigned to Firmicutes, indicating two potentially deep-branching Firmicutes genomes possibly
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related to the “undefined Firmicutes” OTU generated previously. CVC_MG_Alpha1 had a
majority of its genes assigned to Alphaproteobacteria or less specific taxonomies, with 43.8%
assigned to Alphaproteobacteria. This suggests that CVC_MG_Alpha1 is likely a member of the
Alphaproteobacteria class and possibly within the order Rhizobiales, since that contains a
sizeable proportion (16%) of the assigned genes. CVC_MG_Bact1 had a majority of its genes
assigned to phylum level or less specific taxonomies with most assigned to Bacteroidetes,
indicating the genome belongs to a potentially deep-branching Bacteroidetes taxon.
Many of the MEGAN gene results were supported by AmphoraNet’s conserved gene
taxonomy (Table 8). 50% of the conserved genes in Genomes 1 and 4 were identified as the
same species as in MEGAN. CVC_MG_Coma1 was also identified to the same family
(Comamonadaceae) as in MEGAN. CVC_MG_Dethio1 was not supported to a more specific
taxonomy than class (Clostridia), although this class contains the species Dethiobacter
alkaliphilus. While this result suggests that CVC_MG_Dethio1 is likely a Dethiobacter, the
AmphoraNet results were not as confident as those in MEGAN. CVC_MG_Plancto1 was well
supported by the conserved genes, with 100% belonging to Planctomycetaceae, indicating that
CVC_MG_Plancto1 is mostly likely a novel species within the family, Planctomycetaceae.
CVC_MG_Firm1 and CVC_MG_Firm2 conserved genes sets were only assigned to Firmicutes,
consistent with MEGAN gene results, indicating that these genomes likely belong to a novel
Firmicutes class. The results for CVC_MG_Bact1 were also consistent with the MEGAN gene
results, indicating that the genome is within the Bacteroidetes phylum but not within in any
known class, likely representing a novel class of Bacteroidetes.
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Table 8: Taxonomic Analysis of Conserved Single Copy Marker Genes from Binned Genomes
Genome

Total Genes
Found

CVC_MG_Fluv1

31

CVC_MG_Plancto1

CVC_MG_Coma1

CVC_MG_Xylan1

CVC_MG_Firm1

CVC_MG_Firm2

CVC_MG_Alpha1

CVC_MG_Dethio1

CVC_MG_Bact1

32

30

31

30

29

31

31

31

Kingdom

Phylum

Class

Order

Taxonomy

Bacteria

Bacteroidetes

Flavobacteriia

Flavobacteriales

Genes

31

31

29

29

Percent of Total

100.0%

100.0%

93.5%

93.5%

Taxonomy

Bacteria

Planctomycetes

Planctomycetia

Planctomycetales

Genes

32

32

32

32

Percent of Total

100.0%

100.0%

100.0%

100.0%

Taxonomy

Bacteria

Proteobacteria

Betaproteobacteria

Burkholderiales

Genes

30

30

30

30

Percent of Total

100.0%

100.0%

100.0%

100.0%

Taxonomy

Bacteria

Actinobacteria

Actinobacteria

Actinomycetales

Genes

31

31

31

31

Percent of Total

100.0%

100.0%

100.0%

100.0%

Taxonomy

Bacteria

Firmicutes

Genes

30

27

-

-

Percent of Total

100.0%

90.0%

Taxonomy

Bacteria

Firmicutes

Genes

29

25

-

-

Percent of Total

100.0%

86.2%

Taxonomy

Bacteria

Proteobacteria

Alphaproteobacteria

Rhizobiales

Genes

31

31

31

17

Percent of Total

100.0%

100.0%

100.0%

54.8%

Taxonomy

Bacteria

Firmicutes

Clostridia

Genes

31

30

17

Percent of Total

100.0%

96.8%

54.8%

Taxonomy

Bacteria

Bacteroidetes

Genes

31

31

Percent of Total

100.0%

100.0%

(Table 8 continued on the next page.)
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-

-
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Table 8: Taxonomic Analysis of Conserved Single Copy Marker Genes from Binned Genomes Cont'd
Genome

CVC_MG_Fluv1

CVC_MG_Plancto1

CVC_MG_Coma1

CVC_MG_Xylan1

Total Genes Found

31

32

30

31

Family

Genus

Species

Taxonomy

Cryomorphaceae

Fluviicola

Taffensis

Genes

26

26

26

Percent of Total

83.9%

83.9%

83.9%

Taxonomy

Planctomycetaceae

Genes

32

-

-

Percent of Total

100.0%

Taxonomy

Comamonadaceae

Genes

26

-

-

Percent of Total

86.7%

Taxonomy

Promicromonosporaceae

Xylanimonas

Cellulosilytica

Genes

27

20

20

Percent of Total

87.1%

64.5%

64.5%

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

Taxonomy
CVC_MG_Firm1

30

Genes
Percent of Total
Taxonomy

CVC_MG_Firm2

29

Genes
Percent of Total
Taxonomy

CVC_MG_Alpha1

31

Genes
Percent of Total
Taxonomy

CVC_MG_Dethio1

31

Genes
Percent of Total
Taxonomy

CVC_MG_Bact1

31

Genes
Percent of Total
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Genome Quality Control
The rRNA reference database on NCBI was used to assign a rough classification of every
rRNA feature present in the genomes. Using the protein identification as a relative comparison,
contigs were pruned from the genome assemblies (Table 9). Genomes 1 and 4 did not contain
any rRNA features to allow for identification using this method. CVC_MG_Plancto1,
CVC_MG_Coma1, CVC_MG_Firm2, and CVC_MG_Bact1 all contained one rRNA feature that
was consistent with the protein taxonomies provided by MEGAN and AmphoraNet.
CVC_MG_Firm1 had duplicates of every rRNA feature. Contigs containing rRNA features that
were inconsistent with MEGAN and AmphoraNet predictions were removed from further
analyses. CVC_MG_Alpha1 contained two 16S rRNA features consistent with MEGAN and
AmphoraNet taxonomy, so neither were removed creating the only duplicate feature genome.
CVC_MG_Dethio1 contained a contig that was removed due to a 5S rRNA feature that was not
consistent with the Firmicutes phylum. No genome had more than .5% of its genome removed,
suggesting that the contamination from binning (or binning artifacts) was minimal.
After contigs containing aberrant rRNA features were pruned, the Calumet bacterial
genomes’ completion percentages were calculated (Table 10). According to CheckM, 4 genomes
(CVC_MG_Plancto1, CVC_MG_Firm1, CVC_MG_Alpha1, and CVC_MG_Bact1) were greater
than 90% complete, indicating well-assembled and accurately binned genomes (Table 10).
Genome 1 was estimated to be over 10% contaminated, possibly representing a poor assembly or
low abundance. Large heterogeneity in CVC_MG_Coma1 and CVC_MG_Firm1 was due to the
small amount of duplicate conserved genes, as heterogeneity is calculated using total duplicate
conserved genes as a denominator.
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Table 9: rRNA Feature Taxonomy and Removal
Removal
Identification
RNA Feature
Genome
No
Proteobacteria
5s
CVC_MG_Plancto1 (Planctomycetaceae)
No
Planctomycetaceae (family)
23s
CVC_MG_Plancto1 (Planctomycetaceae)
No
Ralstonia (genus)
5s
CVC_MG_Coma1 (Comamonadaceae)
No
Variovorax (genus)
23s
CVC_MG_Coma1 (Comamonadaceae)
No
Clostridia
5s
CVC_MG_Firm1 (Firmicutes)
Yes
Proteobacteria
5s
CVC_MG_Firm1 (Firmicutes)
Yes
Cyanobacteria
23s
CVC_MG_Firm1 (Firmicutes)
No
Clostridia
23s
CVC_MG_Firm1 (Firmicutes)
Yes
Actinobacteria
23s
CVC_MG_Firm1 (Firmicutes)
Yes
Bacteroidetes
23s
CVC_MG_Firm1 (Firmicutes)
Yes
Bacteroidetes
23s
CVC_MG_Firm1 (Firmicutes)
Yes
Dethiobacter (genus)
16s
CVC_MG_Firm1 (Firmicutes)
Yes
Bacteroidetes
16s
CVC_MG_Firm1 (Firmicutes)
No
Clostridia
16s
CVC_MG_Firm1 (Firmicutes)
No
Clostridia
5s
CVC_MG_Firm2 (Firmicutes)
No
Xanthobacter (genus)
5s
CVC_MG_Alpha1 (Alphaproteobacteria)
No
Parvibaculum (genus)
23s
CVC_MG_Alpha1 (Alphaproteobacteria)
No
Paracoccus (genus)
16s
CVC_MG_Alpha1 (Alphaproteobacteria)
No
Paracoccus (genus)
16s
CVC_MG_Alpha1 (Alphaproteobacteria)
Yes
Actinobacteria
5s
CVC_MG_Dethio1 (Dethiobacter)
No
Bacteroidetes
5s
CVC_MG_Bact1 (Bacteroides)
No
Bacteroidetes
5s
CVC_MG_Bact1 (Bacteroides)
No
Bacteroidetes
16s
CVC_MG_Bact1 (Bacteroides)

Base Pairs Removed

7645
3468
2546
2994
7645
2876
7645

9861

Table 10: Completion Analysis of Binned Genomes
Genome

Taxonomic level

Taxonomy

Completion

Contamination

Hetereogeneity

CVC_MG_Fluv1

Family

Cryomorphaceae

77.5%

10.7%

23.2%

CVC_MG_Plancto1

Family

Planctomyceteae

96.5%

2.8%

25.0%

CVC_MG_Coma1

Family

Comamonadaceae

84.6%

6.9%

69.4%

CVC_MG_Xylan1

Family

Promocromonosporaceae

84.3%

4.4%

13.2%

CVC_MG_Firm1

Phylum

Firmicutes

93.9%

6.0%

75.0%

CVC_MG_Firm2

Phylum

Firmicutes

81.8%

3.5%

0.0%

CVC_MG_Alpha1

Class

Alphaproteobacteria

98.0%

0.0%

0.0%

CVC_MG_Dethio1

Family

Synthrophomoadaceae

87.2%

3.8%

25.0%

CVC_MG_Bact1

Phylum

Bacteroidetes

98.5%

0.5%

0.0%
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Alkaline-Related Adaptive Characteristics and Serpentinization-Associated Metabolisms
Serpentinization-associated metabolisms were investigated through the presence of
proteins associated with single-carbon metabolism and hydrogen oxidation (Table 11). None of
the genomes coded for PmoA, methane/ammonia monooxygenase subunit A, which is indicative
of a lack of methane catabolism in all genomes as methane/ammonia monooxygenase converts
methane to methanol. No genomes encoded for MxaF, methanol dehydrogenase subunit 1,
indicating that no genomes could metabolize methanol. There was no AcsB, acetyl-CoA
synthase encoded for in any of the genomes, indicating a lack of acetogenesis metabolism and
that no genome can incorporate CO directly into acetyl-CoA as an energy source. The lack of
genomes encoding for AcsB, PmoA, and MxaF suggests that these Calumet bacterial genomes
do not take advantage of any methane present in the environment.
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An alternative carbon source in serpentinizing environments could be carbon dioxide.
The CoxL, CooS, RbcL, and RbcS genes all encode for proteins that can utilize carbon dioxide.
CoxL and CooS are both subunits of a protein that converts carbon dioxide to carbon monoxide.
Their presence in CVC_MG_Alpha1 and CVC_MG_Dethio1 assemblies could indicate the use
of carbon dioxide as an energy source through carbon monoxide creation and the acetyl-CoA
pathway, although neither was found to have both proteins. RbcL and RbcS are both ribulosebisphosphate carboxylase proteins, which are involved in carbon dioxide fixation in the Calvin
cycle. The presence of both of these proteins indicates that CVC_MG_Coma1
(Comamonadaceae) can fix carbon, possibly supporting an autotrophic metabolism.
Only CVC_MG_Coma1 and CVC_MG_Dethio1 are likely to utilize hydrogen as an
energy source, both of which encoded for two hydrogen-utilizing proteins. HyaB was encoded
for in CVC_MG_Coma1 and CVC_MG_Dethio1 assemblies while HyaA was only encoded for
within in the CVC_MG_Dethio1 assembly, both are segments of a hydrogen oxidizing protein
that is also involved in nitrotoluene degradation. The lack of HyaA in the CVC_MG_Coma1
assembly is likely due to missing metagenomic information. The presence of sequences encoding
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for these genes in the CVC_MG_Coma1 and CVC_MG_Dethio1 assemblies indicate that the
genomes are taking advantage of the predicted hydrogen production in the environment. HoxH, a
NAD-reducing hydrogenase subunit encoded for only in the CVC_MG_Coma1 assembly,
removes a proton from hydrogen gas using NAD+ to form NADH supporting
CVC_MG_Coma1’s ability to utilize hydrogen.
Na+/H+ antiporters have been implicated as a primary method of survival in high pH
environments and their presence in the Calumet bacterial genomes was investigated. Only two
Calumet bacterial genome assemblies, CVC_MG_Plancto1 and CVC_MG_Bact1, coded for any
known Na+/H+ antiporters (Table 12). All Calumet bacterial genomes that were compared to be
close taxonomic representatives contained an equal number or less of Na+/H+ antiporters (Table
12). Of these close relatives, Fluviicola taffensis and Xylanimonas cellulosilytica are both of
neutrophilic origin. The lack Na+/H+ antiporters in their Calumet bacterial genome comparisons
(CVC_MG_Fluv1 and CVC_MG_Xylan1 assemblies) suggests the lack of functionality for these
antiporters in the environments due to low sodium concentrations. Through all comparisons, the
CVC_MG_Xylan1 assembly was the only contain more Na+/H+ exchangers than its known
comparison, which are not directly implicated in proton balance but are closely related to Na+/H+
antiporters.
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Table 12: Na+/H+ Associated Genome Features
Na+/H+
Na+/H+
Total Features
Genome
Antiporter
Exchanger
CVC_MG_Fluv1

2

0

2

Fluviicola taffensis
DSM 16823

5

1

6

CVC_MG_Plancto1

3

1

4

CVC_MG_Coma1

2

0

2

Comamonadaceae B1

3

0

3

CVC_MG_Xylan1

4

0

4

Xylanimonas
cellulosilytica DSM

2

2

4

CVC_MG_Firm1

0

0

0

CVC_MG_Firm2

2

0

2

CVC_MG_Alpha1

2

0

2

CVC_MG_Dethio1

0

0

0

Dethiobacter
alkaliphilus AHT 1

3

0

3

CVC_MG_Bact1

2

1

3

Relative Abundance of Genomes
The relative abundance of genome of several of the genomes (Table 13) were
dramatically different than that measured through read incorporation abundances in Anvi’o
(Table 14). This could possibly be features related to assembly and binning. For example,
CVC_MG_Xylan1 and CVC_MG_Fluv1 assemblies have GC contents that are noticeably
distant than 50% (Table 6). Another consideration for inconsistencies in abundance is the
difference in metagenomic sequencing mechanisms and depth. The TOP and BOTTOM
metagenomes were sequenced primarily using joined reads, while the MIDDLE was sequenced
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using paired end reads. This allows for more information to be provided by the MIDDLE sample
and easier extension of contigs. This difference is carried into the read based estimated relative
abundances (Table 14), which displays dramatic inconsistencies in 16S rRNA abundance
compared read incorporation abundance for CVC_MG_Dethio1, CVC_MG_Coma1, and
CVC_MG_Firm1 & CVC_MG_Firm2.

Sample

Fluvvicola

Table 13: Relative Abundance of Genome Related 16S rRNA Genes
Comamonadaceae
Xylanimonas
Undefined Firmicutes

Dethiobacter

TOP

0.03%

19.92%

0.01%

6.95%

0.03%

MIDDLE

0.46%

11.05%

0.01%

27.37%

0.01%

BOTTOM

0.33%

6.28%

0.00%

8.64%

0.02%

Table 14: Approximate Relative Abundance of Genomes, Measured Through Anvi'o Read Incorporation
CVC_MG_Fluv1

CVC_MG_Coma1

CVC_MG_Xylan1

CVC_MG_Firm1 &
CVC_MG_Firm2

CVC_MG_Dethio1

TOP

0.01%

6.00%

0.91%

0.75%

0.00%

MIDDLE

0.31%

0.13%

0.01%

6.82%

9.12%

BOTTOM

0.18%

4.19%

0.46%

2.41%

0.01%

Sample

16S rRNA Gene and Protein Phylogeny
Genomes were placed in to a phylogenetic tree using 16S rRNA sequences, if available,
and alternatively using conserved protein sequences.
CVC_MG_Fluv1 (Fluviicola Genus)
No 16S rRNA features were located in the CVC_MG_Fluv1 assembly, indicating that
conserved protein taxonomy should be used to determine taxonomy. The conserved single copy
protein tree containing CVC_MG_Fluv1 assembly placed the genome nearest to Fluviicola
taffensis, indicating that the genome is likely a representative of the Fluviicola genus (Figure 5).
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Figure 5: Conserved Flavobacteriales protein tree built with FastTree

CVC_MG_Coma1 (Comamonadaceae)
No 16S rRNA features were located in the CVC_MG_Coma1 assembly, suggesting the
conserved protein taxonomy should be used to place the bacteria in the Comamonadaceae
family. The single copy conserved protein tree, containing representatives from all genera within
Comamonadaceae, places the CVC_MG_Coma1 assembly closest to Comamonadaceae
bacterium B1, a member of the Serpentinomonas genus proposed in Suzuki et al., 2014 (Figure
6). This position is also close to Comamonadaceae bacteria A1 and H1, which are representative
strains of the same Serpentinomonas species.
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Figure 6: Conserved Comamonadaceae protein tree built with FastTree

CVC_MG_Xylan1 (Xylanimonas Genus)
No 16s rRNA features were located within the CVC_MG_Xylan1 assembly, making
protein based taxonomy necessary for taxonomic placement. The conserved single copy protein
tree containing indicated that the genome was a close relative, likely the same genus, as
Xylanimonas cellulosilytica (Figure 7).

Figure 7: Conserved Promicromonosporaceae protein tree built with FastTree
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CVC_MG_Firm1, CVC_MG_Firm2, and CVC_MG_Dethio1 (Unknown Firmicutes &
Dethiobacter Genus)
Prior to the manual removal of any contigs there were no 16S rRNA features detected in
CVC_MG_Firm2 or CVC_MG_Dethio1 assemblies. The CVC_MG_Firm1 assembly contained
multiple features prior to manual removal but only one 16S rRNA sequence was kept due to its
taxonomic identity. The 16S rRNA that remained in the CVC_MG_Firm1 assembly was
identified as a Firmicute by the RDP database and had a closest identification percentage of
86.4% from Firmicutes:Clostridia:Thermoanerobacterales:SRB2 in the SILVA database,
indicating that this rRNA feature and genome are likely belong to a new class of Firmicutes. The
previously generated genus level OTU matched 100% with this 16S sequence indicating that this
sequence was representative of the genus. RDP 16S rRNA sequences of Firmicutes were used to
generate a phylogenetic tree (Figure 8). This placed the 16S sequence outside of any class of
Firmicutes and near the class Negativicutes, suggesting that this genome represents a novel
Firmicutes class.
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Figure 8: 16S rRNA gene tree of Firmicutes representatives. 16S rRNA gene sequences were used alongside
CVC_MG_Firm1’s rRNA gene to create this tree.

All potential Firmicutes genomes (CVC_MG_Firm1, CVC_MG_Firm2, and
CVC_MG_Dethio1) were placed into a conserved protein phylogenetic tree as a method to
determine taxonomic placement of the genomes using two programs, RAxML and Fasttree. The
tree generated with FastTree placed CVC_MG_Firm1 and CVC_MG_Firm2 outside of the
Bacilli class and grouped the two genomes are sister taxa, indicating that these Calumet bacterial
genomes are part of a novel class and are possibly of close taxonomic relation to each other
(Figure 9). CVC_MG_Dethio1 was most closely related to Dethiobacter alkaliphilus in the
protein tree, indicating that the genome is a close taxonomic relative and likely within the genus
Dethiobacter.
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Figure 9: Conserved Firmicutes protein tree built with FastTree

The tree generated with RAxML suggested that genomes 5 and 6 branch within the
Clostridia classes sister taxa, suggesting that these genomes may not be in a novel class, but are
contained within the paraphyletic class Clostridia (Figure 10). This method still placed
CVC_MG_Dethio1 close to Dethiobacter alkaliphilus in the protein tree, indicating that the
genome is potentially within the same genus as this species.
There are noticeable inconsistencies between the two phylogenetic trees.
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Figure 10: Conserved Firmicutes protein tree built with RAxML

Protein Based Comparison to Known Genomes
Average Amino acid identity was calculated between genomes and closely sequenced
relatives to determine taxonomic relationship. An identity of 55-60% or above indicates genus
level relationship and an 85-90% or above indicates a species level relationship.
CVC_MG_Fluv1 (Fluviicola Genus)
The average amino acid identity between the CVC_MG_Fluv1 assembly and Fluviicola
taffensis DSM 16823, the only completely sequenced member of Fluviicola was 54.48% (Figure
11). This indicated that CVC_MG_Fluv1 is likely not a representative of the Fluviicola genus
but is a member of a different, closely related genus.
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Figure 11: The average amino acid identity between Fluviicola taffensis DSM 16823 and the CVC_MG_Fluv1.
A cutoff for genus level relationship is 60%.

CVC_MG_Coma1 (Comamonadaceae)
The average amino acid identity between the Comamonadaceae bacterium H1 and
CVC_MG_Coma1 proteins was 85.21%, indicating that CVC_MG_Coma1 is likely in the same
genus, Serpentinomonas (proposed in Suzuki et al., 2014), as Comamonadaceae bacterium H1
(Figure 12). This average amino acid identity is also within the blurred 85-90% area that
determines species level relation.
The average amino acid identity between the Comamonadaceae bacterium B1 and
CVC_MG_Coma1 proteins was 94.43%, indicating that CVC_MG_Coma1 represents the same
species as Comamonadaceae bacterium B1, a member of the Serpentinomonas genus (Figure
13).
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Figure 12: The average amino acid identity between Comamonadaceae H1 and CVC_MG_Coma1. A cutoff
for species level relationship is 90%.

Figure 13: The average amino acid identity between Comamonadaceae B1 and CVC_MG_Coma1. A cutoff for
genus level relationship is 60% and 90% is species level relationship.

CVC_MG_Xylan1 (Xylanimonas Genus)
The average amino acid identity between proteins of CVC_MG_Xylan1 and
Xylanimonas cellulosilytica DSM 15894, the only sequenced representative of the Xylanimonas
genus. The amino acid identity between the two protein sets was 73.83%, which indicated that
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CVC_MG_Xylan1 is within the same genus, Xylanimonas, as Xylanimonas cellulosilytica
(Figure 14).

Figure 14: The average amino acid identity between Xylanimonas cellulosilytica DSM 15894 and
CVC_MG_Xylan1. A cutoff for genus level relationship is 60%.

CVC_MG_Firm1 & CVC_MG_Firm2 (Unknown Firmicutes)
The average amino acid identity between the proteins of Calumet bacterial genomes 5
and 6 was used determine their taxonomic proximity to each other. The amino acid identity of
65.22% was above the 60% genus-level threshold (Figure 15), suggesting that these two
genomes are distant from each other but are within the same unknown genus.
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Figure 15: The average amino acid identity between CVC_MG_Firm1 and CVC_MG_Firm2. A cutoff for
genus level relationship is 60%.

CVC_MG_Dethio1 (Dethiobacter Genus)
The average amino acid identity between the proteins of the CVC_MG_Dethio1
assembly and Dethiobacter alkaliphilus AHT 1 to determine their taxonomic proximity to each
other. The amino acid identity between proteins of the two genomes was 66.64%, which
indicated that these two genomes are distant from each other but within the same genus,
Dethiobacter (Figure 16).
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Figure 16: The average amino acid identity between Dethiobacter alkaliphilus AHT1 and CVC_MG_Dethio1.
A cutoff for genus level relationship is 60%.

Genome Determination of Metabolic Potential and Genome Features
CVC_MG_Fluv1 (Fluviicola Genus)
The CVC_MG_Fluv1 assembly was compared to its closest known relative, Fluviicola
taffensis DSM 16823. Fluviicola taffensis DSM 16823 was also determined to be the closest
neighbor to CVC_MG_Fluv1 in RAST. It is likely that the CVC_MG_Fluv1 assembly is very
incomplete, as it contains 3.23 megabases while Fluviicola taffensis DSM 16823 is 4.63
megabases explaining the dramatically reduced gene totals overall and in almost every
subsystem (Table 15 and 16).

Table 15: General RAST Protein Counts for CVC_MG_Fluv1 and Fluviicola Taffensis DSM 16823
Non-Hypothetical
Hypothetical in
Non-Hypothetical Hypothetical not in
Genome
Total
in Subsystems
Subsystems
not in Subsystems
Subsystems
CVC_MG_Fluv1
815
29
787
1285
2916
Fluviicola taffensis
DSM 16823

1169

35

1014

1914

4132
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Through comparison to Fluviicola taffensis, 160 unique to CVC_MG_Fluv1 assembly
KEGG identifiers were found. 44 of these identifiers were associated with metabolic pathways,
however no complete or near-complete pathway was unique to the CVC_MG_Fluv1 assembly,
indicating that CVC_MG_Fluv1 is not dramatically different metabolically. A majority of the
metabolic pathways are associated with standard non-carbon associated metabolisms, like
cofactor, vitamin, and amino acid metabolism.
One significant difference in RAST annotation is the annotation of five photosynthesis
related genes in the CVC_MG_Fluv1 assembly (Table 16). These genes are all related the
production of proteorhodopsin, a photosensitive pigment, potentially indicating that the bacteria
could utilize sunlight for metabolic purposes. The five features are contained on three contigs, all
over the length of 8,000 bases limiting the chance that these are contamination.
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Genes coding for a gelatinase were annotated in the CVC_MG_Fluv1 assembly,
indicating that the bacteria was gelatinase positive and could degrade gelatin. There were no
urease genes annotated, indicating the bacteria is urease negative, and could not breakdown urea
into ammonia. No DNAse genes were annotated indicating that the bacteria cannot degrade
DNA. A catalase was annotated, indicating that the genome could breakdown hydrogen peroxide
into water and oxygen. Two of four subunits of cytochrome c oxidase cbb3-type annotated
suggesting that a cytochrome c oxidase was produced by these bacteria, possibly indicating the
ability to perform aerobic respiration. CVC_MG_Fluv1 is likely non-motile, as indicated by the
lack of motility related genes annotated. It is also likely Gram-negative as 12 genes were
annotated to be Gram-negative cell wall components and none to Gram-positive. This Gram
character is also supported by its close taxonomic association to Fluviicola taffensis, a Gramnegative organism.
Primary carbon metabolism (carbon fixation, methane metabolism, and standard six
carbon utilization) were investigated in the genome. The CVC_MG_Fluv1 assembly contains a
full glycolysis pathway and TCA cycle along with an F-type ATP synthase, indicating a
relatively standard metabolism. A near full pentose phosphate pathway was also located.
The CVC_MG_Fluv1 assembly does not contain a significant majority of any
methanogenesis or methane oxidation system, suggesting a lack of ability to use single-carbon
molecules for energy. The CVC_MG_Fluv1 assemlby possessed minimal nitrogen and sulfur
metabolism genes.
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CVC_MG_Coma1 (Comamonadaceae)
The CVC_MG_Coma1 assembly was compared to Comamonadaceae bacterium B1, as
close taxonomic relative. The CVC_MG_Coma1 assembly was 11% larger than that of
Comamonadaceae bacterium B1’s (2.9 megabases compared to 2.6). 86 unique KEGG identifiers
were located in the CVC_MG_Coma1 assembly, only 12 of these are related to metabolic
pathways. None comprised a majority of any metabolic pathway and due to close taxonomic
similarity, it is unlikely that CVC_MG_Coma1 possesses any major differences in metabolism.
The CVC_MG_Coma1 assembly’s gene count, larger than Comamonadaceae bacterium
B1 gene count, is likely a reflection of its larger size (Table 17). However, this larger gene count
is not reflected in the subsystem category distribution, as many of CVC_MG_Coma1’s proteins
are located out of any subsystem in RAST (Table 18).

Table 17: General RAST Protein Counts for CVC_MG_Coma1 and Comamonadaceae Bacterium B1
Non-Hypothetical
Hypothetical in
Non-Hypothetical Hypothetical not in
Genome
Total
in Subsystems
Subsystems
not in Subsystems
Subsystems
CVC_MG_Coma1
1394
47
653
590
2684
Comamonadaceae
Bacterium B1

1384

53

519

429

2385
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Table 18: RAST Subsystem Category Distribution for CVC_MG_Coma1
and Comamonadaceae Bacterium H1
Subsystem

CVC_MG_Coma1

Comamonadaceae
B1

73
8
0
92
16
107
76
125
37
98
79
23
47
235

103
13
0
112
19
99
80
121
35
104
76
30
38
269

Cell Wall and Capsule
Potassium metabolism
Photosynthesis
Membrane Transport
Iron acquisition and metabolism
Motility and Chemotaxis
Regulation and Cell signaling
Fatty Acids, Lipids, and Isoprenoids
Nitrogen Metabolism
Respiration
Stress Response
Sulfur Metabolism
Phosphorus Metabolism
Carbohydrates

The CVC_MG_Coma1 assembly codes for a near-full flagellar assembly, indicating a
motile bacterium, similarly to Comamonadaceae bacterium B1(Table 18). There are no
photosynthesis genes annotated in the CVC_MG_Coma1 assembly, indicating no ability for the
bacteria to utilize sunlight for metabolic purposes.
The CVC_MG_Coma1 assembly contained a gelatinase, indicating that the bacteria was
gelatinase positive and could degrade gelatinase. A catalase was also annotated, indicating that
the genome could degrade hydrogen peroxide to hydrogen peroxide and water. The annotation of
a urease indicates that the genome should be able to breakdown urea into ammonia. No DNAse
enzymes were annotated within the genome, indicating the bacteria’s inability to degrade DNA.
Three subunits of cytochrome c oxidase cbb3-type were annotated, suggesting the genome’s
ability to produce oxidase and the potential for the genome to perform aerobic respiration.
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Primary carbon metabolism (carbon fixation, methane metabolism, and standard six
carbon utilization) were investigated in the genome. It contains a full glycolysis, TCA cycle and
reductive pentose phosphate cycle, as well as a near full F-type ATPase. Formate dehydrogenase
was annotated in the genome, as a possible source of carbon fixation or anaerobic respiration.
CVC_MG_Coma1 can fully incorporate extracellular nitrate into L-Glutamate but cannot use
nitrate. The sulfur metabolism of CVC_MG_Coma1 is identical to Comamonadaceae bacterium
B1.
CVC_MG_Xylan1 (Xylanimonas Genus)
The characterization of CVC_MG_Xylan1 and Xylanimonas cellulosilytica DSM 15894
were determined by combining RAST annotation and KEGG annotations. Xylanimonas
cellulosilytica DSM 15894 was used as a comparison due to its taxonomic proximity.
The gene counts for the CVC_MG_Xylan1 assembly in RAST were only 76% of those
found in Xylanimonas cellulosilytica DSM 15894, likely due to the incompletion of the
CVC_MG_Xylan1 assembly (Table 19). 161 KEGG identifiers were found in the
CVC_MG_Xylan1 assembly and not in Xylanimonas cellulosilytica DSM 15894. 40 of these
pertain to metabolic pathways, however no single particular metabolic function or pathway is
significantly represented. This likely indicates that CVC_MG_Xylan1 has no significantly
different metabolism.
Table 19: General RAST Protein Counts for CVC_MG_Xylan1 and Xylanimonas cellulosilytica DSM 15894
Non-Hypothetical
Hypothetical in
Non-Hypothetical Hypothetical not in
Genome
Total
in Subsystems
Subsystems
not in Subsystems
Subsystems
CVC_MG_Xylan1
1036
40
829
704
2609
Xylanimonas cellulosilytica
DSM 15894

1329

73

998

1021

3421
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CVC_MG_Xylan1 is likely non-motile as only nine genes were indicated for motility in
RAST and no segments of a flagellar assembly were found in KEGG, indicating that
CVC_MG_Xylan1 cannot produce flagella (Table 20). The CVC_MG_Xylan1 assembly did not
encode a gelatinase, indicating a gelatinase negative genome and lacking the ability to degrade
gelatin. The genome was also lacking urease genes, indicating a urease negative bacteria and a
lack of ability to breakdown urea into ammonia. There were no DNase genes detected but does it
contain TatD DNase family proteins, indicating a lack of ability to breakdown DNA. Only 2
genes (CyoE and CoxC) were annotated relating to cytochrome c oxidase suggesting a lack of
oxidase and lack of aerobic respiration.
Table 20: RAST Subsystem Category Distribution for CVC_MG_Xylan1
and Xylanimonas cellulosilytica DSM 15894
Subsystem
Cell Wall and Capsule
Potassium metabolism
Photosynthesis
Membrane Transport
Iron acquisition and metabolism
Motility and Chemotaxis
Regulation and Cell signaling
Fatty Acids, Lipids, and Isoprenoids
Nitrogen Metabolism
Respiration
Stress Response
Sulfur Metabolism
Phosphorus Metabolism
Carbohydrates

CVC_MG_Xylan1
65
22
0
55
4
9
22
92
8
56
48
7
49
311

Xylanimonas
cellulosilytica
DSM 15894
72
14
0
82
16
8
39
89
27
92
73
42
40
405

Primary carbon metabolism (carbon fixation, methane metabolism, and standard six
carbon utilization) were investigated in the genome. CVC_MG_Xylan1 is nearly identical to
Xylanimonas cellulosilytica DSM 15894 when comparing carbon metabolisms. The
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CVC_MG_Xylan1 assembly possesses the full glycolysis pathway, TCA cycle, and a full
pentose phosphate pathway, along with an F-type ATP synthase. Notably, an endoglucanase
(EC: 3.2.1.4) is present in the CVC_MG_Xylan1 assembly indicating that the genome can still
perform the Xylanimonas cellulosilytica’s namesake function of xylan degradation and possible
carbon source through the pentose phosphate pathway.
It appears that CVC_MG_Xylan1 can only assimilate ammonia, while Xylanimonas
cellulosilytica can fully incorporate nitrate and nitrite into L-glutamate. CVC_MG_Xylan1 is
also appears to be different in sulfur metabolism, as it can only incorporate sulfide but
Xylanimonas cellulosilytica can incorporate sulfate, sulfite and sulfide into its metabolism.
CVC_MG_Firm1 & CVC_MG_Firm2 (Unknown Firmicutes)
The general RAST subsystem distribution for the CVC_MG_Firm1 and
CVC_MG_Firm2 assemblies are very similar with approximately the same amount of proteins
being placed into each hypothetical and non-hypothetical category (Table 21). The
CVC_MG_Firm2 assembly is considered less complete, the likely cause of the lower “Total”
protein count as well as the subsystem category distributions (Table 22). One notable difference
is the “Fatty Acids, Lipids, and Isoprenoids” where the CVC_MG_Firm2 assembly contains 550
proteins compared to the CVC_MG_Firm1 assembly’s 58. These appears to be an assembly error
and duplication of a set of three genes multiple times.
Table 21: General RAST Protein Counts for CVC_MG_Firm1 and CVC_MG_Firm2
Non-Hypothetical
Hypothetical in
Non-Hypothetical Hypothetical not in
Genome
in Subsystems
Subsystems
not in Subsystems
Subsystems
CVC_MG_Firm1
1080
43
770
1091
CVC_MG_Firm2
1001
55
773
961

Total
2984
2790
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Table 22: RAST Subsystem Category Distribution for CVC_MG_Firm1
and CVC_MG_Firm2
Subsystem
Cell Wall and Capsule
Potassium metabolism
Photosynthesis
Membrane Transport
Iron acquisition and metabolism
Motility and Chemotaxis
Regulation and Cell signaling
Fatty Acids, Lipids, and Isoprenoids
Nitrogen Metabolism
Respiration
Stress Response
Sulfur Metabolism
Phosphorus Metabolism
Carbohydrates

CVC_MG_Firm1

CVC_MG_Firm2

91
5
0
82
2
64
15
58
6
45
51
13
38
84

46
1
0
93
0
14
15
550
1
37
43
4
50
96

A comparison between the KEGG identifiers found 258 unique identifiers in the
CVC_MG_Firm1 assembly and 197 identifiers in the CVC_MG_Firm2 assembly. 77 of the
unique KEGG identifiers in the CVC_MG_Firm1 assembly are related to metabolic pathways,
but no pathway appears to be completely or majority represented by the unique KEGG identifiers
in the CVC_MG_Firm1 assembly compared to CVC_MG_Firm2. 44 of the unique KEGG
identifiers in the CVC_MG_Firm2 assembly are related to metabolic pathways but no single
particular metabolic function or pathway is significantly represented by the unique KEGG
identifiers available in CVC_MG_Firm2 assembly compared to the CVC_MG_Firm1 assembly,
suggesting no significant metabolic differences between these genomes.
The CVC_MG_Firm1 assembly includes much of an F-type ATP synthase while the
CVC_MG_Firm2 assembly contains much of a V/A-type ATP synthase.
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Both CVC_MG_Firm1 and CVC_MG_Firm2 are motile, as a near full flagellar assembly
were found in both genomes. No gelatinase genes were present in either genomes, indicating the
inability to degrade gelatin and gelatinase negative genomes. Both genomes also lacked
cytochrome c oxidase, indicating an oxidase negative genome that cannot perform aerobic
respiration. Both genomes are likely able to produce urease, as the CVC_MG_Firm1 assembly
contains urease subunit alpha, beta, and gamma, while the CVC_MG_Firm2 assembly contains
urease subunit alpha. These indicates that both genomes are urease positive and can degrade urea
to ammonia. Both genomes contain genes for catalase-peroxidase enzymes, indicating that they
can breakdown hydrogen peroxide to oxygen and water. The two genomes are likely DNAse
negative and cannot degrade extracellular DNA, but do contain TatD DNase family proteins.
Nine Gram-negative components were annotated in the CVC_MG_Firm1 assembly and
three in the CVC_MG_Firm2 assembly. However, the Gram character likely undetermined
through only characterization.
Primary carbon metabolism (carbon fixation, methane metabolism, and standard six
carbon utilization) were investigated in the genomes. Both genomes contain major components
of the glycolysis pathway. Only one portion (one gene) of the TCA cycle was annotated in the
CVC_MG_Firm1 assembly but a majority was annotated in the CVC_MG_Firm2 assembly. This
suggests a very basal carbon metabolism.
There was no indication of iron use for metabolic purposes. The nitrogen metabolisms of
these genomes are identical, both perform dissimilatory nitrate reduction from nitrite to ammonia
and have genes coding for nitrogenase molybdenum-iron protein alpha chain (EC:1.18.6.1),
indicating the ability to fix nitrogen.
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CVC_MG_Dethio1 (Dethiobacter Genus)
The characterization of the CVC_MG_Dethio1 assembly and Dethiobacter alkaliphilus
AHT 1 were determined by combining RAST annotation and KEGG annotations. Dethiobacter
alkaliphilus AHT 1 was used as a comparison due to its taxonomic proximity and sequence
availability.
The gene counts in the CVC_MG_Dethio1 assembly are well under those in
Dethiobacter alkaliphilus AHT 1, as the CVC_MG_Dethio1 assembly is incomplete (Table 23).
The CVC_MG_Dethio1 assembly contained 132 KEGG identifiers that were unique to the
genome, when compared to Dethiobacter alkaliphilus AHT 1. 33 of these are associated with
metabolic pathways, however no single particular metabolic function or pathway was
significantly indicating no dramatic differences in metabolic potential.
Table 23: General RAST Protein Counts for CVC_MG_Dethio1 and Dethiobacter alkaliphilus AHT 1
Non-Hypothetical
Hypothetical in
Non-Hypothetical Hypothetical not in
Genome
Total
in Subsystems
Subsystems
not in Subsystems
Subsystems
CVC_MG_Dethio1
1077
62
563
773
2475
Dethiobacter
alkaliphilus AHT 1

1338

69

746

1048

3201

The CVC_MG_Dethio1 assembly had six features annotated to Gram-positive cell wall
components and only two to Gram-negative, suggesting that CVC_MG_Dethio1 is Grampositive, which was also supported through taxonomy. A majority of a flagellar assembly was
annotated, indicating motility. The CVC_MG_Dethio1 assembly encoded for a catalase enzyme,
indicating a catalase positive organism that could breakdown hydrogen peroxide to oxygen and
water. It also encoded for a urease enzyme, indicating a urease positive genome that can degrade
urea to ammonia. It is also lacked genes for gelatinase, as well as DNAse but does contain TatD
DNase family proteins. This indicated that CVC_MG_Dethio1 was gelatinase and DNAse
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negative and could not degrade gelatinase or DNA, respectively. There was no indication of
cytochrome c oxidase genes indicating that the genome doesn’t use aerobic respiration and is
likely anaerobic.
Much of a V/A-type ATPase was annotated, along with an NADH dehydrogenase. While
no flagellar assembly was annotated in RAST (Table 24), KEGG identifiers indicated that many
of a flagellar assembly genes are present, enabling CVC_MG_Dethio1 to produce a flagellum
and making CVC_MG_Dethio1 motile like Dethiobacter alkaliphilus AHT 1.
Table 24: RAST Subsystem Category Distribution for CVC_MG_Dethio1
and Dethiobacter alkaliphilus AHT 1
Subsystem
Cell Wall and Capsule
Potassium metabolism
Photosynthesis
Membrane Transport
Iron acquisition and metabolism
Motility and Chemotaxis
Regulation and Cell signaling
Fatty Acids, Lipids, and Isoprenoids
Nitrogen Metabolism
Respiration
Stress Response
Sulfur Metabolism
Phosphorus Metabolism
Carbohydrates

Dethiobacter
CVC_MG_Dethio
alkaliphilus AHT
1
1
78
117
3
8
0
0
101
97
6
3
0
64
28
26
90
102
9
27
95
98
50
76
2
3
48
41
139
166

Primary carbon metabolism (carbon fixation, methane metabolism, and standard six
carbon utilization) were investigated in the genome. A full glycolysis pathway was annotated, as
well as a near full TCA cycle, representing a relatively basal carbon metabolism.
A thiosulfate reductase gene was annotated, suggesting that CVC_MG_Dethio1 can use
sulfur compounds as electron acceptors. No Nitrogen fixation genes were found in the
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CVC_MG_Dethio1 assembly indicating that CVC_MG_Dethio1 cannot incorporate nitrogen
into metabolism through ammonia.

Alkaline Protein pI Trends
The following comparisons of average pI value of proteins based on subcellular location
were performed: CVC_MG_Fluv1 vs Fluviicola taffensis DSM 16823 (same genus),
CVC_MG_Coma1 vs Comamonadaceae bacterium B1 (same species), CVC_MG_Xylan1 vs
Xylanimonas cellulosilytica DSM 15894 (same genus), and CVC_MG_Dethio1 vs Dethiobacter
Alkaliphilus AHT1 (same genus). These comparisons could potentially be used as an indicator of
alkaliphilic bacteria when compared to closely related neutrophilic bacteria, as an alkaliphilic
Bacillus species was found to have lower average pI values several subcellular locations. The
comparisons of average pI values of proteins to neutrophilic close relatives (CVC_MG_Fluv1
and CVC_MG_Xylan1) based on their subcellular location revealed a trend counter to the
Bacillus, with the pI values of the alkaliphiles being higher than the neutrophiles. These
comparisons showed a statistically significant difference in pI values in subcellular areas of the
Calumet bacterial genomes than the sequenced representative. CVC_MG_Fluv1 was statistically
higher than Fluviicola taffensis in the cytoplasm and periplasmic space (p = 0.007 and 0.006
respectively. CVC_MG_Xylan1 was statistically higher than Xylanimonas cellulosilytica in the
cytoplasm (p = 0.00013). Both are counter to the Bacillus trend.
The comparisons between the hypersaline alkaliphilic Dethiobacter alkaliphilus AHT1
and CVC_MG_Dethio1 yielded a statistically significant difference in all average pI values in all
subcellular locations: extracellular, cell wall, cytoplasmic membrane, and cytoplasm. All of the
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averages were higher in CVC_MG_Dethio1 than in Dethiobacter alkaliphilus AHT1, which
could represent an importance in selection of pI values in environment possessing high sodium
ions, like soda lakes, that is profoundly different than freshwater systems.

DISCUSSION

Bacterial Community
To this date only one study has investigated the microbial diversity Calumet, using
cloned 16S rRNA sequences as an overall assessment of the bacterial diversity (Roadcap et al.,
2006). These clones contained mostly Proteobacteria and the Firmicutes genera, Bacillus and
Clostridium. Several of these clones were found to have close taxonomic relation to other hyperalkaline area representatives. While Firmicutes and Proteobacteria composed more than 50% of
the relative abundance in the three sediment core samples of this study, there was not a large
abundance of either Clostridia or Bacilli, the classes containing Clostridium and Bacillus
respectively. This could be due to change in community composition or, more likely, differences
in material and location sampled. A full sediment core was not collected in the previous
sampling and the performed 16S rRNA gene surveys created far larger sample sizes of the
community diversity, revealing a more accurate depiction of the community composition.
While there are some differences in microbial community, the dominant species appears
to be the same in both sessions of community sampling. The Comamonadaceae species, found to
share 96% 16S rRNA gene identity with Hydrogenophaga pseudoflava, was one of the most
abundant species in all sediment core gene survey in this study (Roadcap et al., 2006). This
species is likely represented by CVC_MG_Coma1, although no 16S rRNA gene was assembled
and binned for the species. It was indicted through conserved protein phylogeny that
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CVC_MG_Coma1 is a member of the suggested Serpentinomonas genus, a newly proposed
genus of Comamonadaceae associated with serpentinizing sites (Suzuki et al., 2014). This
species is the primary support for hydrogen production at the Calumet site because of its ability
to use hydrogen as an electron donor, as all Serpentinomonas can utilize hydrogen.
A significant fraction of 16S rRNA sequenced from the Calumet site were classified
belonging to an unknown member of the class Firmicutes. Genomes 5 and 6 in the assembly
were found to be closely related to each other and that 16S rRNA, indicating that they may
represent two strains of the same unknown Firmicute. These bacteria appear to be distantly
related to all existing Firmicutes genomes sequenced, with no consistency in taxonomic
placement through 16S and conserved protein sequences. These genomes are clearly well
adapted to the alkaline environment, as indicated by relative abundance, and could possibly
reveal methods of survival in these conditions.

Genomes
Of the nine genomes binned from the three Calumet Wetlands sediment core
metagenomes, six were thoroughly taxonomically placed. These genomes represented four
species closely related to existing species and two genomes were determined to likely represent a
divergent class of Firmicutes. These genomes were characterized in search of unique
metabolisms that could be associated with chemicals produced by serpentinizing sites, as well as
for known alkaline survival traits and trends.
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CVC_MG_Fluv1
CVC_MG_Fluv1 was estimated to be a species within genus Fluviicola, in family
Cryomorphaceae, as determined by MEGAN5 and AmphoraNet, and through visualizing of the
Flavobacteria conserved single copy gene protein tree. However, the average amino acid identity
suggested that this putative organism may not be within the limits of genus Fluviicola. These
conflicting taxonomic placements are complicated by the original taxonomic placement of
Fluviicola into the family Cryomorphaceae, and its current placement to Crocinitomicaceae in
NCBI’s taxonomy (Woyke et al., 2011). The lower than expected average amino acid identity
could potentially be caused by contamination through binning and the low completion of this
genome indicated through CheckM. The relative abundance of this bacterium, detected through
16S rRNA gene surveys and read incorporation, was very low, suggesting that this assembly
could be drawn from a residual surface water population.
There are currently only two official species contained within the Fluviicola genus,
Fluviicola taffensis, the only fully sequenced member, and Fluviicola hefeinensis, known only
by a 16S rRNA gene sequence. Both members of this genus were collected from circumneutral
pH waters, unlike CVC_MG_Fluv1 making this an unusual taxonomic placement and a likely
low abundance contamination (O'Sullivan et al., 2005, Yang et al., 2014). Also, all members of
Fluviicola thus far have been strictly aerobic, making the location in the sediment core highly
unusual, as the core is generally anoxic. It is most likely that the Fluviicola relative in Calumet
sediments is a distant relative the characterized Fluviicola taffensis. The presence of cytochrome
c oxidase suggests an aerobic metabolism, however its location in the sediment core supports
anaerobic metabolism, making this the first alkaliphilic and not strictly aerobic representative of
the genus.
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CVC_MG_Coma1
CVC_MG_Coma1 was estimated to be closely related to Comamonadaceae bacterium
H1, as indicated by MEGAN5 and AmphoraNet, and Comamonadaceae B1, as indicated by the
conserved single copy gene protein tree. The genome’s 94.43% amino acid identity with
Comamonadaceae bacterium B1, places it as a strain of the same species. The read estimation
abundance and microbial both suggested that its genome is dominant in all segments of the
sediment column. These genomes are part of a newly proposed genus called Serpentinomonas,
named for the genus’ association with serpentinizing sites (Suzuki et al., 2014). These first
Serpentinomonas were found in The Cedars, a serpentinizing site in California.
The Serpentinomonas are described as obligatory alkaliphilic and facultative hydrogenutilizing bacteria (Suzuki et al., 2014). Representatives of this genus have been found at a variety
highly alkaline serpentinizing systems and similar sites, including Calumet where a 16S rRNA
clone was found to be 96% to a Hydrogenophaga species which is also contained within
Comamonadaceae (Roadcap et al., 2006). Their abundance has been reported as high as 80% in
some locations. It was found that under limiting conditions of dissolved inorganic carbon this
genus uses the abundant calcium carbonate available for carbon fixation, coupling this with
hydrogen oxidation for autotrophic growth (Suzuki et al., 2014). Both of these metabolic
capabilities were noted in the CVC_MG_Coma1 assembly.
The genus Serpentinomonas, which contains two official species, are hydrogen oxidizing
obligate alkaliphiles (Suzuki et al., 2014). The genus has been found at Cabeço de Vide in
Portugal, The Tablelands in Canada, Outokumpu in Finland, The Kalahari Shield in South
Africa, a legacy lime working site, and Mizunami in Japan (Suzuki et al., 2014) All of which are

70

serpentinization associated sites. At nearly all sites, excluding the legacy lime working site and
Kalahari Shield, the genus has been shown to be ≥15% of the bacterial abundance. The
commonality of the genus being found at serpentinizing sites suggests that they are well adapted
to the environment and further study into the genus could reveal methods for survival in such
conditions.
This genome is likely to play a large role in the overall carbon cycle of the area as both
segments of the ribulose-bisphosphate carboxylase (RbcL and RbcS) were annotated. The
genome also contains two proteins related to hydrogen oxidation, HyaB and HoxH, which could
possibly explain its prevalence at this serpentinizing-like site, as hydrogen is a known component
of serpentinizing sites. However, hydrogen production remains elusive as the Calumet site.
These metabolic capabilities could make this bacterium a primary source of carbon influx and
metabolically available energy into the Calumet system.
CVC_MG_Xylan1
This genome was likely easily isolated from the metagenome because of its high GC
content, at 73%. CVC_MG_Xylan1 was estimated to be closely related to Xylanimonas
cellulosilytica, which was supported by MEGAN5, AmphoraNet, the conserved single copy gene
protein genes tree, as well as the average amino acid identity between the genomes. This
suggests that it is likely the second representative of the Xylanimonas genus. According to the
amplicons and estimated read abundance of this genome, it is a very small amount of the
population. This could possibly represent a form of contamination and the binning largely
assisted by the high GC content of the genome.
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The Xylanimonas genus is descripted as Gram-positive, non-spore-forming, and
xylanolytic (Rivas et al., 2003). Xylanimonas cellulosilytica, the original species of the genus
Xylanimonas cellulosilytica was determined to have an optimal growth pH of seven, far from
that of the Calumet Wetlands (Rivas et al., 2003). It was first isolated from sawdust of a
decaying Ulmas nigra. The aquatic origin of CVC_MG_Xylan1 is not consistent with this origin
location.
Xylanimonas cellulosilytica is known for its ability to degrade xylan, a component of cell
walls made from xylose, through glucanases. This characteristic was also found in the
CVC_MG_Xylan1 assembly potentially providing metabolically available carbon to the rest of
the community through the xylan breakdown. The potential of xylan degradation makes this
bacterium of potential interest for industrial uses since high pH plant material degradation is
considered a valuable function in enzymes.
CVC_MG_Firm1 & CVC_MG_Firm2
Genomes 5 and 6 were consistently indicated to be sister species but were inconsistently
placed taxonomically, through 16S rRNA sequences and conserved single copy gene proteins.
This inconsistency likely supports the identification of these genomes as portions of a new
Firmicutes class and therefore a new genus as well.
The read abundance estimation for the CVC_MG_Firm1 assembly is comparable to the
amplicon abundance, but CVC_MG_Firm2 is less known, as the 16S rRNA sequence survey
likely represented both species. It is unlikely that the GC content assisted in the binning of these
genomes.
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These bacteria appear to be relatively basic in metabolism, which is likely indicative of
their basal Firmicutes origin. The most notable metabolic capability found within both genomes,
would be the potential to fix nitrogen as notable by the annotation of nitrogenase molybdenumiron protein alpha chain. This would place these bacteria in a small segment that have this ability
and also would place these species as an important aspect of the nitrogen system in Calumet.
Generally, nitrogenases are susceptible to oxygen requiring anaerobic respiration, making the
anoxic sediment core an ideal area for performing nitrogen fixation. One of the products of
nitrogen fixation is hydrogen, possibly supplying the Comamonadaceae that dominate the areas
with a means of autotrophic living since hydrogen production from the Calumet site has yet to be
documented.
CVC_MG_Dethio1
CVC_MG_Dethio1 is strongly supported as a member of the Dethiobacter and distantly
related to Dethiobacter alkaliphilus, with an average amino identity to Dethiobacter alkaliphilus
AHT 1 of 66.64%. The Dethiobacter genus was proposed in 2008 with its first isolate being
found in a Mongolian soda lake (Sorokin et al., 2008). The genus is described as Gram-positive,
endospore-forming, facultatively autotrophic, and obligately anaerobic with respiratory
metabolism. Dethiobacter alkaliphilus is the only sequences member of the genus, which has
been described as capable of using hydrogen as an electron donor and thiosulfate as an electron
acceptor, characteristics that were also located in the CVC_MG_Dethio1 assembly.
The read abundance estimation for the CVC_MG_Dethio1 assembly was not comparable
to the microbial abundance. The read abundance was dramatically higher than the indicated
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microbial abundance. This was likely due to the very low GC content of this genome, as well as
deeper sequencing in MIDDLE sampling.
Previously, Dethiobacter and closely related organisms have been found in other high pH
systems. These sites include The Cedars (pH 11.5, a serpentinizing site), ikaite columns in
Greenland (>pH 10), and Prony Bay, New Caledonia (pH 11) (Suzuki et al., 2013, Glaring et al.,
2015, Quéméneur et al., 2014). All of these sites have been characterized as serpentinizing and
include hydrogen production, likely enabling these species to function autotrophically.
CVC_MG_Dethio1 appears to have the same characteristic metabolic capabilities as
Dethiobacter alkaliphilus. Both HyaA and HyaB (hydrogenase subunits) were annotated
suggesting that CVC_MG_Dethio1 can use hydrogen as an electron donor, characteristic of
Dethiobacter. The thiosulfate reductase annotated is also characteristic of Dethiobacter, for using
sulfate as an electron acceptor. CVC_MG_Dethio1 is likely able to grow autotrophically
because of these features. It is also likely to play a role in the sulfur cycling of the Calumet
system, despite very low abundance in all samples but the MIDDLE metagenome.

Alkaline Survival and Characteristics
The Calumet bacterial genomes had a relative lack of Na+/H+ antiporters compared to
close taxonomic representatives. It is likely that these antiporters do not serve a function in
serpentinizing environments, due to low sodium concentrations, which likely hinders the ability
of these antiporters to control the proton balance in a cell. The lack of antiporters in the Calumet
bacterial genomes suggests that these genomes use another, unknown, method of coping with
alkaline stressors. The lack of antiporters could also support the hypothesis that life originated at
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serpentinizing sites, as a lack of features could indicate a more natural and basal method of
survival.
Only two of the assemblies (from CVC_MG_Fluv1 and CVC_MG_Xylan1) were
compared to non-alkaline representatives, as other genomes were closely related to alkaliphilic
representatives. The pI values between these groups of bacterial proteins could possibly be
compared to find a signature for alkaline organisms. For example, a lower pI value would reflect
more negatively charged amino acids in the proteins at a Calumet level pH while higher would
reflect less negatively charged. Negatively charged amino acid residues are thought to be a
method for capturing and holding protons near the cell surface. Of the non-alkaline
representative comparisons, both the CVC_MG_Fluv1 and CVC_MG_Xylan1 assemblies had
statistically significant difference in pI values, all higher in the CVC_MG_Fluv1 assembly than
the non-alkaliphilic representative. This is in opposition to the trend found previously through
comparisons of Bacillus species. It is likely that there is a lack of selection for low pI values in
environments as high as pH 13, because most amino acids will be charged at that pH, regardless
of pI value. Two of the other pI comparisons were to alkaline representatives (CVC_MG_Coma1
and CVC_MG_Dethio1). CVC_MG_Coma1, reported as the same species as Comamonadaceae
bacterium B1, had not differences in pI value likely due to its origin from another serpentinizing
environment and the species level relation. The CVC_MG_Dethio1 assembly had statistically
significant differences in all subcellular locations with higher average pI values than
Dethiobacter alkaliphilus in all locations. This is also in opposition to the reported Bacillus
trend. It is very possible that at extreme pHs the pI values of cellular components do not affect
proton retention. At a pH of 12.5 in Calumet nearly all proteins are likely to be negatively
charged, allowing for proton retention regardless of the difference in pI values. It is also possible
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that pI values of proteins have a significantly different effect in soda lake (high sodium)
environments, the origination of Dethiobacter alkaliphilus, compared to serpentinizing
environments.

Conclusion and Future Direction
The nine Calumet bacterial genomes represent six different phyla. Of these genomes, four
were likely members of known genera and two represent a new class within the Firmicutes.
These genomes also possess diverse metabolic capabilities, with CVC_MG_Fluv1 appearing to
have photosensitive pigments, CVC_MG_Coma1 and CVC_MG_Dethio1 the potential to use
hydrogen as electron donors, CVC_MG_Xylan1 has the ability to degrade xylan, and
CVC_MG_Firm1 and CVC_MG_Firm2 are likely able to fix nitrogen.
The Calumet Wetlands have been shown to possess unknown bacterial diversity on a
variety of taxonomic levels through 16S rRNA gene surveys and genome assemblies. The
genomes assembled in this study have provided insight into the microbial diversity of the high
pH site. CVC_MG_Coma1 (Comamonadaceae) revealed a possible cosmopolitan genus in
serpentinizing sites, such as The Cedars in California. CVC_MG_Coma1 could represent a
commonality between these sites and therefore a key to understanding life at serpentinizing sites.
CVC_MG_Firm1 and CVC_MG_Firm2 represent an unknown Firmicutes class that has yet to be
described elsewhere. These bacteria warrant deeper investigation, as the Firmicutes phyla is well
represented in culturing and NCBI sequences making new deep-branching classifications
unusual. The inconsistent and near basal indications of these bacteria also need more support.
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Future studies at The Calumet Wetlands could expand on the diversity of this site by
completing previous genomes and as well as sequencing and assembly of other novel genomes,
many of which are likely to be relevant to the community. These studies could more deeply
investigate the alkaline survival mechanism and the link between serpentinization associated
products, such as hydrogen, methane, and calcium carbonate, and the bacterial metabolic
potential of the site.
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